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H unter R ouse 
Iowa Institute of H ydraulic Research
Prototype verification of experimental and theoretical prediction in 
hydraulics and related fields was chosen as the theme of this, the seventh 
in the series of triennial Conferences held by the Iowa Institute. Justification 
of such a choice was hardly necessary, for both scientists and engineers well 
realize that correlation with actuality is the final measure of every analytical 
deduction or model test. Following the custom of past meetings, fourteen 
speakers new to the Conference programs but authorities in their respective 
fields were invited to present papers in the course of the five technical 
sessions.
The two speakers of the general opening session complemented one an­
other in several ways. First of all, each embodied many years of experience 
as a civilian with a military organization— one the Army and the other the 
Navy. The former, representing the Waterways Experiment Station of the 
Corps of Engineers, has dealt primarily with the flow of water through 
natural channels; the latter, during his association with the David Taylor 
Model Basin of the Bureau of Ships, dealt primarily with the motion of 
man-made bodies through water. The work of the one, moreover, has be­
come effectively that of a practicing engineer, whereas the other has re­
mained more or less true to his upbringing as mathematical physicist. 
Each of these factors will be found reflected in the first two papers of this 
volume, which together provide a nice assessment of the general situation 
as it now exists.
Among the other sixteen speakers and coauthors, distinctions could be 
drawn in as many different ways. They represent together essentially all 
of the major professions dealing with fluid motion, and at the same time 
essentially all of the Federal organizations actively engaged in flow re­
search of a type that is related to hydraulics. Among them are mathema­
ticians, physicists, meteorologists, and oceanographers, as well as aero­
nautical, chemical, hydraulic, marine, and mechanical engineers. Their 
papers cover research techniques ranging from full to probably the smallest 
scale at which natural flows have been simulated to date. These attributes 
likewise will be found reflected in the papers that follow.
Past Conferences have each seen three or four papers, as well as a lab­
oratory demonstration, illustrating the pertinent interests and activities of 
the host organization. Because of the nature of the present theme, only one
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paper of the fourteen was presented by a staff member of the Institute; 
it is noted with pride, however, that four other authors were formerly grad­
uate students at Iowa. The guided tour of the Institute laboratories was 
much like those at past meetings. New to the Conference series, on the other 
hand, was a special exhibit of early writings on hydraulics, arranged and 
annotated by the University Library; some fifty items of the Institute’s 
growing collection were on display, ranging from Guglielmini and Mariotte 
through Bernoulli to Froude and Reynolds. For the seventh successive time 
Dean and Mrs. Dawson were hosts to incoming guests at a buffet supper, and 
the customary Conference dinner was highlighted by a particularly enter­
taining address.
Attendance at the Conference— some 173 engineers and scientists repre­
senting 28 different states and 10 foreign countries—was below that of 
the recent past but still rewardingly large. However, if an apparent cor­
relation between the Conference date and the end of the fiscal year is ignored, 
such a trend would point up a question long in the minds of the writer and 
his colleagues. Though the First Hydraulics Conference was in fact the 
initial one of its kind to be held in the United States, in the intervening 
twenty years many organizations have come to sponsor national meetings of 
a similar nature; indeed, these have multiplied to the extent that in the 
summer of 1958 at least four were scheduled within a few weeks of one 
another. Must one conclude therefrom that the Conference series has now 
more than served its purpose? Might not a useful countereffort be made 
in the direction of fewer rather than more numerous gatherings? In a 
word, should the Seventh Hydraulics Conference be the last?
Comments invited at the beginning of the Conference and received for 
weeks thereafter were almost entirely in a vein favoring the continuation of 
the series, primarily because of the belief that the Iowa Conferences offer 
something which the others generally do not: the discussion of carefully 
selected topics built around a broad but ever-changing central theme. Per­
haps the future should hence bring a compromise between cessation and 
continuation without change. The Proceedings of the Conferences, of which 
the sizable total of some 11,000 copies have found their way around the 
world, might best terminate with this volume, for if too many meetings 
are now being held, surely far too much is being published thereafter. In 
fact, the discussion aspect of a future Conference might well be slanted 
more thoroughly in the direction of the spoken rather than the written 
word, yet without losing through complete spontaneity the value of the 
careful preparation that has featured Conferences of the past. Thus the 
Eighth Hydraulics Conference, if and when it is held, will avoid duplica­
tion of effort so far as is possible, but will emphasize those features that 
hare proved attractive in the past.
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A QUARTER-CENTURY ASSESSMENT OF EXPERIMENTAL
PREDICTION IN HYDRAULICS 
E u g e n e  P. F o r t s o n ,  Jr .
Waterways Experiment Station
I n t r o d u c t i o n
It is over 25 years since two very important developments began to have 
their influence upon the practice of hydraulic engineering in America. One 
has been the use of models in developing the design of hydraulic structures 
and in exploring engineering problems in rivers, in estuaries, and on sea- 
coasts. The other has been the application, to the greatest extent possible, 
of the rigorous theory which sets fluid mechanics in apposition to empirical 
hydraulics. Experiment is the foundation of both of these developments, for 
it is from experiment that the model hydraulician derives his skill, and it 
is through experiment that the disciples of Prandtl advance from theory 
to practice. Prototype verification measures the soundness of laboratory 
experiment and provides a point of departure from which to pursue even 
more ambitious analyses.
The concept of prototype verification took form as hydraulic model 
testing came into general use. Back in the 1930’s there were engineers who 
judged the technique to be little short of charlatanry. There were other 
engineers, although fewer in that day than in the present, who believed 
that a model study could provide the answer to any hydraulic problem 
in engineering. As a consequence, much attention in the early days was 
devoted to the subject of similitude. In fact, the contemporary model-study 
reports gave almost as much space to discussions of similitude as they did 
to test results. The incompatibility of the Froude law and the Reynolds law 
was given a thorough airing. Elaborate procedures were in vogue for select­
ing the scales for movable-bed models, in which Reynolds number deter­
minations were made to insure that flow was in the turbulent state, and trac­
tive force experiments were conducted in flumes to select the appropriate 
bed material. As laboratory practice gave the lie to some of the beautifully 
ordered theories of model technique, and as more and more studies passed 
into the record, when their prototypes came into being, there naturally was 
aroused an interest in the degree to which performance verified the experi­
mental development.
In undertaking an assessment of prototype verification over the past 
quarter century, I should like to give definition to the fields of which I will 
treat. Hydraulic engineering is the material and practical application of
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the science of hydraulics, and in my experience, the application has been 
in the practice of civil engineering. In civil engineering the knowledge of 
hydraulics is used in flood control, navigation, seacoast protection, electric- 
power generation, irrigation, highway drainage, water supply, and sewage 
disposal. While remaining in the field of engineering, yet approaching 
scientific fundamentals, one can generalize the application of hydraulics 
in civil engineering as structural hydraulics, fluvial hydraulics, tidal hy­
draulics, and wind-wave hydraulics. Within these categories I intend to 
treat the subject.
It is in structural hydraulics that the most substantial advances have 
been made in the application of rigorous theory. Here the geometry is 
fixed and may be given exact mathematical definition; all complexity is 
left to the properties of water as a fluid. Even so, this complexity is formid­
able. It immediately becomes more formidable when attention moves from 
the completely fixed boundary of the conduit to the free surface of the 
chute or spillway. And when attention moves farther to consider the motion 
of water in nature, there is apparent an enormous difficulty with infinitely 
varying conditions. It is heartening, that the fundamental relationships 
of fluid mechanics, once established, apply as immutably to natural water 
courses as they do to structures of simple geometry. Consequently, there 
is no more commendable endeavor than the research which is retiring the 
frontiers of empiricism in hydraulics. Meanwhile, a realistic appraisal 
requires admission that there remains a large field in civil hydraulic engi­
neering which depends upon engineering judgment and experience. Para­
doxically, it is in structural hydraulics, with its more rational basis, rather 
than in the other, more elusive fields of hydraulics, with their greater de­
pendence upon intuitive reasoning, that prototype verification has received 
the greatest attention.
It is not too difficult to explain this paradox. Verification in the proto­
type of experimental work in the laboratory is usually beyond the inde­
pendent resources of the laboratory staff; the experimenter consequently 
needs the cooperative support of the engineering staff in the field. The 
attitude of the field staff can range from apathy, or sometimes outright 
resistance, to whole-hearted enthusiasm. An element of human nature is 
involved here, which engenders some sympathy for even the most apathetic. 
Engineers concerned with design customarily work against a deadline for 
submission of plans, so that construction programs can get underway; 
they must be high-minded indeed to be happy about diverting effort to 
insert provisions for test apparatus into their designs. Engineers in charge 
of operations are eternally concerned with making the funds available 
cover all of the work which is pressing for accomplishment; they can resist 
a lot of silver-tongued argument before turning survey parties and equip­
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ment to activities which do not contribute to their immediate requirements. 
In this atmosphere, it is easy to see that work of the sort performed by 
Kalinske [1] on turbulence, as reported in the Proceedings of the Second 
Iowa Conference, is of infrequent occurrence. A typical, initial reaction 
to a proposal of such fundamental nature is: “Turbulence? We are en­
tirely aware of the existence of turbulence in the river. We shall be inter­
ested in measuring it when you can show us a direct connection between 
it and the stability of revetments.”
The vagaries of nature obscure much prototype verification, even when 
the objectives are intensely practical, and have the active interest of the 
staff in operations. Such, as an example, is the problem at the downstream 
entrance to the Chain-of-Rocks Canal at St. Louis on the Mississippi River
F i e .  1. D o w n s t r e a m  E n t r a n c e — C h a i n  o f  R o c k s  C a n a l .
(Fig. 1). The entrance is in a reach of the river where a bar naturally tends 
to form. A model study conducted seven years ago established that a trail­
ing stone dike, curving outward and downstream into the flow, and rising 
to a mid-depth elevation, would keep the entrance free of silt deposits. 
The model indications were that material moved by low flows would be 
deflected by the dike around and past the entrance, and that such deposition 
as occurred below the influence of the dike would be swept away by high 
flows. The dike has been in existence for five years, and the predicted 
deposition below the dike has materialized. But not one of the normally 
expected, seasonal high flows has come down to sweep the channel clean. 
The verification of this experiment is awaited with rapidly wearing patience.
In contrast to the prototype verification of experiments on fundamental 
phenomena of fluid mechanics, where the application is not readily per­
ceived, and of experiments on channel improvement projects where the
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findings are rendered elusive by natural events, the verification of experi­
mental work on hydraulics structures is more readily accomplished. For 
one thing, here the practical objectives are clear to all. A greater knowledge 
of cavitation has prevented ruptured transitions, while a greater knowledge 
of boundary resistance at high Reynolds numbers has led to smaller, and 
therefore cheaper, conduits. For another thing, coming to grips with the 
problem is by contrast a straightforward proposition. The structure stands 
forth with all of its hydraulic characteristics delineated by accepted theory 
or by measurements of standard type on a model. The opening of a gate is 
usually sufficient to set the condition desired for study.
The relatively facile nature of verification in structural hydraulics by 
no means decries its importance, nor does its more frequent occurrence in 
the record indicate any decrease in valuable returns. On the contrary, there 
is no field of hydraulics, of which I am aware, that cannot be exploited 
to very material advantage through work in field verification. The Corps 
of Engineers has found that it is not sufficient to depend upon individual 
initiative, or fortuitous circumstance, for the gathering of prototype data. 
Almost ten years ago the Chief of Engineers charged the Director of the 
Waterways Experiment Station with the mission of securing information 
from the prototype, and using it and all other material available in devising 
and refining criteria for the design of hydraulic structures. At a somewhat 
later date the Chief of Engineers created a Committee on Tidal Hydraulics 
which has, within its designated field of interest, a similar objective in 
tidal hydraulics. It has been proven that these activities enjoy a very favor­
able ratio of benefits to costs. For example, as a result of prototype in­
vestigation of friction in large conduits, it was possible to save $1,500,000 
on the conduits for one dam, through the use of a roughness factor there­
tofore considered inapplicable.
A complete evaluation of the efforts to verify experimental developments 
in the prototype requires recognition of the concurrent labors to devise 
instruments of ever-broadening versatility. The piezometers, current meters, 
and spirit levels, which sufficed for the field investigations of only a couple 
of decades ago, are now lost in an array which includes adaptations of 
almost every instrument used in aerodynamic research. The Iowa Institute 
is due a great deal of credit for having given instrumentation merited prom­
inence by devoting the entire Sixth Hydraulics Conference to the subject.
Modern hydraulics ranges far in scope, as the papers in these Confer­
ence Proceedings vividly attest. This breadth of interest urges an assess­
ment of prototype verification in keeping with the universality which hy­
draulics has obtained. However, progress in parallel fields usually runs in 
similar courses. I am thus emboldened to discuss the prototype verifica­
tion of experimental hydraulics as related to civil engineering.
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S t r u c t u r a l  H y d r a u l i c s
The structural hydraulics of civil engineering relates principally to 
the flow-passing appurtenances of dams. Until a quarter century ago prac­
tical hydraulics provided the essentials of design. Bernoulli’s theorem, and 
a sage selection of coefficients for weir and orifice, and of roughness factors 
for channel surfaces, provided adequate water passages. The proportions 
in which most structures were conceived permitted the fashioning of com­
ponents with a massiveness to admit of no displacements. Now, as dimen­
sions, and consequently pressures, have become much greater, dynamics has 
become a prominent factor with which to reckon. The designer of gates 
and sluices today has to know his way around in the hydromechanics of 
systems vibration, and the hydrodynamics of turbulence and cavitation.
Scale modeling has become an indispensable tool of the structural de­
signer and is developing steadily in versatility. Limitations persist, how­
ever, which have not been overcome by the most diligent efforts in the 
laboratory. For example, identity of Froude number in model and prototype 
assures the verisimilitude of standing wave patterns in spillway chutes, but 
identity of the dimensionless index of cavitation does not set the stage for 
incipience of this phenomenon in both systems. Such experience demon­
strates that tests on prototype structures provide a means of delimiting 
the reliability of model uses, as well as a means of giving values to scale 
effects.
While usual practice has generated the concept of experiment in the 
laboratory being followed by evaluation in the prototype, there is a growing 
application of a reverse procedure. An illustration of this inverted approach 
is a problem in gate chatter recently resolved at the Waterways Experiment 
Station. When the new lock on the Mississippi River at Keokuk, Iowa, was 
placed in operation in 1957, the main-culvert gate valves were heard to 
chatter so violently as to restrict the range of use to less than two-thirds 
opening. A 1:12 model of one of the reverse Tainter valves was constructed 
with all structural members reproduced in detail, and with a load cell 
within the hoist to measure loads and load variations (Fig. 2 ) . Tests in the 
dry confirmed the reliability of the model to reflect the loading of the hoist 
in the movement of the gate. Tests with flowing water demonstrated in­
stantaneous loadings on the hoist ranging from 45 kips downpull to 12 kips 
uplift, while dry loadings had ranged from 24 kips to 37 kips through 
steady opening movement. Modifications of the shape of the reverse Tainter 
valve were shown by the model to reduce load oscillations from the previous 
57 kips to 15 kips. Peak downpull was not increased and load reversals 
were eliminated. Subsequent to the model tests a modified Tainter valve 
has been fabricated and placed in service in the prototype. It has been 
observed that the objectionable pulsations have been eliminated, and it
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is anticipated that strain gage observations to be made on the strut will 
confirm the predicted reductions in load oscillations.
Since other papers in this volume deal extensively with structural hy­
draulics, I will turn my discussion here to another field of hydraulic en­
gineering.
F l u v i a l  H y d r a u l i c s
The field of fluvial hydraulics is to a major extent concerned with the 
scour, transportation, and deposition of bed and suspended materials under 
the influence of flowing water. The great majority of practical engineering 
problems encountered in this field involve structures designed either to 
improve or stabilize channel dimensions for navigation or to provide protec­
tion from floods.
Many of the complex facets of the over-all sediment-transport problem 
have in recent years been subjected to intensified research, utilizing many 
combinations of the empirical and theoretical approaches. A rapidly grow­
ing mass of empirical knowledge exists, and volumes of mathematical theories 
have been propounded, yet the total knowledge in this field is limited to 
somewhat narrow ranges of practical conditions. No generally applicable 
underlying principles have emerged to support predictions of bulk move­
ments of sediments under unexperienced conditions, or to permit applica­
tions of empirical knowledge to conditions different from those which yielded 
this knowledge [2].
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Perhaps the greatest gap is an insufficient knowledge of turbulent fluid 
flow to permit clear definition of how it affects and is counter-affected by 
the presence within it of varying concentrations of solid grains and the con­
stantly changing form of its boundary. As Leliavsky [3] says in his In­
troduction to Fluvial Hydraulics: “The current which erodes such a channel 
is, in turn, controlled by the ever-changing shape of the channel it has 
eroded; hence, we are faced here with a problem of successive approxima­
tions, which does not make it less fascinating for the research engineer, nor 
less important to the practical designer.”
An encouraging sign of progress in the field of sedimentation research 
is a tendency toward unification and standardization of basic concepts, 
definitions, and terminologies. As an illustration, the term “intensity of 
turbulence,” which is well known to be inseparable from sediment transport 
in natural streams, has long had but a vague interpretation in the minds of 
most engineers. Now, however—thanks to Boussinesq, Prandtl, and Karman 
— the earlier vague approach to the turbulence problem has been supplanted 
by a number of consistent correlated parameters which serve to render this 
problem at least partly susceptible of quantitative solution.
It is to be hoped and expected that the present combined experimental 
and analytical approaches to sedimentation problems will continue to de­
velop more coherent design procedures, in which the empirical element 
will ultimately be reduced to a minimum in favor of rational calculation 
theory. There can be no doubt that much that is now but vaguely, and 
perhaps intuitively, understood will be made clear. However that may be, 
it must be stated that there exists today no theory that will predict the 
absolute magnitude of the rate of sediment transportation.
Meanwhile, there are practical engineering jobs that must be accom­
plished with the tools and methods at hand today, despite the fact that 
past years of systematic attacks from many quarters still leave for some 
time in the distant future a completely adequate approach to the solution 
of sediment-transport problems. The practical engineer faced with this 
situation will find that an empirical tool with recognized shortcomings and 
imperfections will provide a valuable design guide, though only in a qualita­
tive sense, far surpassing his unguided judgment alone, particularly if 
the limitations of the tool are well understood. The movable-bed hydraulic 
model is such a tool that has been widely used to advantage in the solu­
tion of problems in open river regulation.
The technique of movable-bed model practice is so well known that it 
will be touched on only briefly here. Despite the fact that such model 
studies are fraught with difficulties and limitations, and despite the fact 
that they cannot be made to incorporate the high degree of mathematically- 
supported similitude attainable in the usual fixed-boundary models involving
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only pure fluid mechanics, they, nevertheless, are invaluable aids in the 
solving of complex practical problems involving the shifting of stream 
bed materials. Experience has brought general acceptance in this country 
as well as in England, India, and other countries that no large project in­
volving movable-bed problems should be carried out without preliminary 
model research.
After years of experience with river-regulation problems and model 
research in India, Inglis [4,5] has aptly stated that river models are a 
valuable aid to engineering skill, which, however, they can never replace. 
In this field there is no satisfactory substitute for the movable-bed model, in 
the hands of the experimenter possessed of experience-sharpened insight 
into the capabilities and limitations of such models as well as an intimate 
familiarity with their prototype counterparts.
The prototype verification of experimental predictions made from mov- 
able-bed model studies is never a clear-cut matter. The testing and experi­
mental developing of proposed structures to accomplish a desired improve­
ment in riverbed configuration must perforce be based upon certain se­
lected design flow conditions which can be expected to prevail in the proto­
type river after the structures in question have been built. The selection 
of design flow conditions is a critical matter, usually resolved by selecting 
average conditions that will prevail over the longest period of time. How­
ever, it would be a rare coincidence if the annual hydrograph of the average 
river were similar to the previously selected design hydrograph. Thus, the 
fact that each different river hydrograph produces to some extent a different 
channel bed configuration complicates the close verification of such model 
predictions. This aspect has been illustrated earlier in this paper by the ex­
ample of the Chain-of-Rocks Canal. Studies of this type should be extended 
to include further testing of the adopted designs under several extreme low- 
and high-flow conditions to predetermine the effects of such unusual natural 
occurrences. Such a procedure might or might not affect the adopted design, 
but would serve to predict occurrences over a wider range of conditions.
At the Fifth Hydraulics Conference in 1952, a paper [6] was presented 
which described a movable-bed model for the development of a harbor at 
Memphis, Tennessee, on the Mississippi River. At that time the model-de­
veloped plan for the harbor, involving major changes in the regimen of 
that section of the river, was under construction in the river. The years that 
have followed have permitted general observation of resulting developments 
in the configuration of the river channel and comparison of these findings 
with the model predictions.
The adopted harbor development plan (Fig. 3) provided for: (1) an 
earth dam closing the head of Tennessee Chute, which formerly had car­
ried 30 per cent of the river’s bank-full flow; (2) an industrial fill 4 miles
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long and 2000 feet wide along the east side of Presidents Island; (3) a 
dredged harbor channel behind the f i l l ; and (4) protective dikes and revet­
ment at the head of the island.
Model tests indicated that a slow eddy and a resultant deposition of 
silt would form in the embayment in the head of Tennessee Chute, thus pre­
cluding any need for protection of the earth dam from the river currents. 
Therefore, no protection was provided, and the fill has developed as pre­
dicted. As would be expected, some deposition of material has also occurred 
in the riverward end of the harbor entrance channel, as was indicated by 
the model tests.
Some desire was expressed at the beginning of the harbor design to de­
velop a small access channel to an old dock on the west bank opposite the 
head of Presidents Island. A model study made in the mid-1930’s for this 
specific purpose had indicated this development on the point-bar side of the 
river to be impracticable, an indication borne out both by the more recent 
model study and by subsequent developments in the river.
Of major importance to the harbor project was the development of proper 
location and alignment of the protected bank at the head of Presidents 
Island. This feature was carefully worked out in the model to provide bank 
revetment at the point of attack and, at the same time, alignment that would 
produce a navigation channel with a smooth transition through the crossing 
from the island to the deep channel along the opposite bank. The natural 
river has behaved as predicted by forming an excellent navigation crossing 
from the head of the island into the opposite bend.
Also of major significance was the model prediction that the overall
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Memphis Harbor development would bring about a greatly increased cur­
rent attack on the existing articulated concrete revetment along the west 
bank opposite Presidents Island, with resultant heavy scouring in the chan­
nel along this revetment. On this basis, the revetment along this bank was 
reinforced by doubling its thickness in critical areas. Since completion of 
the harbor project in the river, channel depths along the toe of this bank 
have increased to 100 feet.
The successful functioning of this major river project is considered an 
outstanding example of the result of planning and collaboration between 
river engineers and experimental research engineers.
T i d a l  H y d r a u l i c s
In no specialized branch of hydraulics has basic knowledge been ad­
vanced more spectacularly and importantly in recent years than in that 
of tidal hydraulics. It would be difficult to conceive of a more involved 
hydraulic system than that which exists in an estuary in the region of com­
plex interflow between a fresh-water, sediment-bearing stream and a tidal, 
salt-water sea. Engineers engaged in the regulation of tidal rivers have in 
recent years developed a greatly improved understanding of the phenom­
ena involved, an understanding vital to the solution of such practical engi­
neering problems as the provision and maintenance of channels of ever- 
increasing dimensions for navigation, and alleviation of industrial and 
other pollution.
In tidal hydraulics, as in other branches, advances have come about 
through both the experimental approach and mathematical theory. Dronkers 
and Schonfeld [7] in their recent classic work, “Tidal Computations in 
Shallow Water,” point out that the problem is so involved mathematically 
that there exists no one simple, generally acceptable procedure for its solu­
tion. They then present and explain with exceptional clarity the intricacies 
of a variety of computation methods, varying from the simple to the highly 
refined, each suitable for the solution of a particular sort of tidal problem. 
These authors further point out that in the Netherlands both models and 
the several methods of computation play useful parts in the solutions of the 
manifold problems with which the tides confront the engineer.
The advancement of knowledge in this field within the past few years, 
particularly in this country, has stemmed in considerable part from activ­
ities of the Waterways Experiment Station in two closely related phases 
of its work: hydraulic model studies of a wide variety of tidal rivers; and 
extensive, planned field measurements in these rivers and others, for the 
purpose of supporting and confirming the model findings. In all such 
cases the studies are made in close collaboration with the field offices con­
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cerned, thus bringing to bear an ideal combination of the talents of ex­
perienced river engineers and model experimenters.
Tidal model studies and, in several instances, extensive long-term field 
measurements have been made or are now underway covering such major 
estuaries as the Delaware, Savannah, Cooper, St. Johns, Raritan, Mississippi, 
Hudson, and Columbia. Correlations between the hydraulics of the models 
and their prototypes have been excellent, and the resulting accumulation 
of authentic information has gone far toward clarifying the hydraulic and 
sedimentation characteristics of tidal estuaries. As a result of fairly recent 
improvements in hydraulic model techniques, it is now possible to predict 
the effects of proposed engineering works in estuaries with much greater 
accuracy than was possible a quarter century ago.
The lessons we have learned in this field, as in others, have not all 
come inexpensively, as is illustrated by the erroneous predictions obtained 
from a certain tidal model study made in the early 1940’s. The problem in 
this case was to eliminate the rapid shoaling that was taking place in a deep 
channel and turning basin that had been dredged normal to one of the shores
of San Francisco Bay and across the seaward edge of a vast shallow mud 
flat (Fig. 4 ). It appeared to be obvious that shoaling was being produced 
by ebb currents crossing the channel from over the mud flat. Accordingly
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the problem was studied in a non-tidal section model designed to reproduce 
only these offending ebb currents. This model readily reproduced the 
observed shoaling of the prototype channel and, when carried to comple­
tion, indicated that the shoaling problem would be alleviated by extend­
ing a breakwater from the shore to deep water so as to parallel the dredged 
channel and deflect the muddy ebb flow around the area. This breakwater 
was quite successful in the model, but after its construction in the proto­
type the shoaling in the channel behind the breakwater was observed to 
continue about as rapidly as before.
Rational analysis of this problem, based upon additional knowledge 
of tidal-flow phenomena acquired during the ensuing few years, brought 
out the reasons why this breakwater could not function as originally ex­
pected. It became clear that the continued channel shoaling was caused 
by flow phenomena that can neither be seen in the prototype nor reproduced 
in a sectional model; the ebb-tide currents sweep past the channel entrance 
with little or no tendency to transport sediment into the inclosed area be­
hind the breakwater except for minor eddy action near the entrance; how­
ever, during flood tide the surface currents also tend to sweep past the 
entrance channel, but the slower, sill-laden bottom currents turn sharply 
into the channel to supply the tidal prism, and the shoaling, within the 
inclosed channel and basin. This analysis has been corroborated in a tidal 
model of the entire San Francisco Bay system recently constructed at 
Sausalito, California, by the Corps of Engineers District, San Francisco,
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under the guidance of the Waterways Experiment Station. It has now been 
known for several years that the reproduction of tidal phenomena of this 
type requires a truly tidal-model reproduction of the complete flow system, 
as well as fluid-density differentials if these exist in the prototype.
One of the most important advances in estuarine model techniques was 
brought about by the realization that density currents play a major role 
in dictating the hydraulic and shoaling regimens of estuaries. Such cur­
rents are produced by the difference in the specific gravities of sea water 
and fresh water. The heavier sea water underruns the lighter fresh water, 
with the result that upstream currents along the bottom in the lower reaches 
of most estuaries tend to predominate over the bottom downstream currents 
in both velocity and duration; consequently, an effective trap is created 
in the bottom strata which prevents the progressive movement of sediment 
through the estuary and out to sea. Figure 5 is a schematic illustration 
[8 | of predominant flow directions and the resultant accumulation of shoal­
ing in the vicinity of the upstream limit of salt-water intrusion in a typical 
estuary in which partial vertical mixing of the salt and fresh water occurs. 
The degree of such mixing varies in different estuaries, and the density 
effects illustrated in Fig. 5 become more pronounced as the degree of ver­
tical mixing diminishes.
A little over 15 years ago. it was accepted practice to operate estuary 
models with fresh water only, and the resulting lack of agreement between 
model and prototype in the vertical distribution of velocities was accepted 
at that time as an unavoidable limitation in models of this type. In the early 
1940’s, while experimenting with a model of Savannah Harbor, it was 
realized that density currents produced by the interflow of salt and fresh 
waters had a major effect upon the channel shoaling pattern. Accordingly, 
the model ocean was supplied with salt water of sea-water density and the 
river flow with fresh water. The result was a much improved model repro­
duction of the density effects on the vertical distribution of current direc­
tions and velocities. On the basis of tests in this model, the prediction was 
made that a proposed increase in the depth of the navigation channel from 
30 feet to 34 feet would cause sea water to penetrate 7 miles farther up­
stream in Savannah Harbor, and also, that major shoal areas would shift 
upstream as a result of the increased predominance of upstream bottom 
currents. Both of these predictions have been verified by observations 
made in the prototype subsequent to deepening of the channel in 1947.
Recognition of the major significance of density currents in estuarine 
environments lent added prominence to the question of the proper model- 
prototype scale ratio governing similitude with respect to fluid salinity 
or density. Our first approach to this question was a direct empirical one. 
Cut-and-try experiments in tidal models quickly revealed that observed
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density currents in the estuaries could be reproduced in this type of Froudian 
model only by using a density scale-ratio of unity, as would be expected 
on the basis of pure reasoning.
A second, more scientific and lengthy approach, combining carefully 
controlled experimental flume studies and analytical procedures, was carried 
out by Dr. Garbis H. Keulegan of the National Bureau of Standards as a 
research project, certain phases of which are still in progress. In a report 
[9] on this investigation he stated: “Thus, we have the important deduc­
tion: if the resort to distorted models is allowable and the river discharge 
of the model is established according to the Froudian scales, then the model 
tests to determine the form of the saline wedge as a function of time must 
be carried out by adopting the unity scale of salinities.”
The reliability of tidal models has also been improved in recent years 
by a simple yet highly important development in the technique of adjust­
ing the roughness of model channels to achieve accurate reproductions 
of the various critical prototype flow phenomena. The old method— appli­
cation of various forms of roughness to the channel boundaries to produce 
correct mean velocities and water-surface elevations in each cross sec t io n -  
resulted in three very serious faults in the distorted model: (1) velocities 
in the zone near the roughened boundary were reduced too much and those 
in the central zone of the channel too little, thus producing the correct 
mean but not the correct distribution; (2) such roughness produced dis­
proportionate effects on low and high flows in a distorted model; and (3) 
the upstream penetration of salt water was excessive, and the vertical mix­
ing of the salt and fresh waters was deficient.
A new technique, developed some 10 years ago, effectively eliminates 
the above faults through the simple expedient of providing model roughness 
in the form of narrow sheet-metal strips mounted vertically in the channel 
bed and extending essentially throughout the depth of flow. Use of this 
Toughness has made possible the modeling of the vertical and lateral dis­
tribution of velocity to a high degree of accuracy and has resulted in ex­
cellent reproduction of the extent of salt-water intrusion and of the vertical 
mixing of the salt and fresh waters as these phenomena occur in the pro­
totype for all conditions of tidal motion and fresh-water river flow. Thus, 
the new technique eliminates in this respect the deficiency in turbulent 
mixing that otherwise would plague a Froudian model because of the im­
practicability of achieving at the same time a proper Reynolds number.
It is interesting to note that the Delaware River model, in which this 
roughness technique was developed, has reproduced very accurately the 
alternate advance and retreat, as well as mixing, of salt water as a func­
tion of upland discharge over great distances and for continuous periods 
of time up to one prototype year.
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W i n d -W a v e  H y d r a u l i c s
Some manifestation o f wave phenomena almost invariably finds a pp li­
cation in one or another of the branches o f engineering, and hydraulic  
engineering is concerned with m any waves other than the water disturbances 
created by the wind. The restrictive designation “wind-wave hydraulics” 
is selected as appropriate to the extensive f ie ld  o f civil engineering devoted  
to coastal works. Wind-generated waves produce the dominant forces to 
be considered in designs o f such coastal structures as seawalls and break­
waters and offshore structures supported on the bottom of the sea.
That maritime engineering, with its origin in antiquity, should have 
been one of the last to benefit from the theoretical and experimental de­
velopment of modern engineering practice is remarkable. Wave motion 
received as much attention as any of the phenomena of fluid flow to which 
the nineteenth-century hydrodynamicists addressed their efforts, but, so 
far as I can find, not until the 1920’s was mathematical expression given 
to the force of waves upon maritime structures. Intuitive reasoning and 
precedent had largely guided previous design. In 1928 Sainflou [10] pub­
lished a mathematical treatment of standing waves, or clapotis, acting against 
vertical-walled structures, and ten years later Iribarren [11] formulated 
a relation between wave height and the stability of sloping-faced rubble- 
mound structures. Perhaps the greatest single advance toward rational 
processes in maritime structural design resulted from the work of Sverdrup 
and Munk [12] in 1947 which made possible, through application of hind- 
cast procedures to storm waves, the selection of a “design wave.” This fac­
tor compares in importance to the “design discharge” for a dam spillway.
The past quarter century has seen much progress in experimental re­
search in wave mechanics, which has contributed much of value to mari­
time design—for instance, the means of reckoning the wave forces on columns 
supporting platforms in the open sea. This period has also seen the de­
velopment of techniques in scale modeling which, in harbor models, affords 
a means of predicting the extent of protection to be provided by various 
breakwater arrangements, and which, in wave tanks, affords a means of 
designing breakwater sections of the required stability.
Prototype verifications of experimental predictions in wind-wave hy­
draulics have been the rarest to come by. The test of a seacoast structure 
comes at the height of a storm. It is of limited use to observe after the 
storm that the structure still stands or has been destroyed. The question 
remains as to whether it withstood or succumbed to the design wave or to 
a lesser or greater wave. To install instruments to measure major storm 
waves acting upon a structure is hardly practicable, if at all possible. There 
is no way of placing such instruments during a storm, and those placed 
beforehand might require maintenance against the ravages of the sea for
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perhaps months before coming into use. In this dilemma, resort has been 
taken to wave hindcasting— the determination of wave dimensions from 
records of meteorological conditions that existed at the time of a past storm.
In the experience of the Waterways Experiment Station a storm occurred 
under conditions which provided an excellent prototype verification of a 
breakwater design. This example is unique in that the breakwater was de­
signed with the expectation that it would, while still under construction, 
sustain partial failure under storm conditions that were quite likely to 
occur. The reference is to the east breakwater of Silver Bay, Minnesota,
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a harbor (Fig. 6) created by breakwaters to provide shelter for ship-load­
ing facilities at a taconite processing plant on the north shore of Lake 
Superior.
This breakwater abuts upon the lake shore adjoining the quarry face 
from which material for its construction was to be obtained. Thus the 
quarrying operation was to serve the dual purpose of providing stone for 
the breakwater as it leveled an area for construction of the taconite process­
ing plant. An evaluation of construction methods indicated that less cost 
would be incurred by placing the fill out to the anchoring island by end- 
dumping quarry-run stone from trucks, than by following the conventional 
method of raising a fully armored section from the bottom by uniform 
dumping from lighters throughout the breakwater length. The adopted 
method involved a calculated risk, the element of uncertainty being the 
extent of damage that could be caused by storm waves before the quarry- 
run rock fill had been armored with heavy stone. Such damage, if suf­
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ficiently extensive, could offset the advantage of the cheaper method. It 
was therefore desirable to determine in advance the probable extent of 
damage to be expected.
Corps of Engineers’ practice in breakwater design makes use of a varia­
tion of the formula devised by Iribarren. In this formula, the weight of 
the individual stones necessary to insure stability of a rubble-mound break­
water, of given seaside slope and for a given wave height, is expressed in
 
terms of the specific weight of the rock, the wave height, the seaside slope, 
and an experimentally determined coefficient. Through resort to theoretical 
analysis, similar in some respects to Iribarren’s, together with an extensive 
series of experiments with stones of various densities, sizes, and shapes, 
Hudson [13] has derived a formula which merits some credit for its simpler 
form, and even greater credit for its more astute coefficients.
The Silver Bay breakwater could have been designed by the methods 
of Iribarren or Hudson, with full confidence in its suitability, were it to 
have been constructed by conventional methods. However, the question 
as to the extent of the damage that the end-dumped, quarry-run rock fill 
would suffer before being properly armored suggested model testing in a 
wave flume. These tests were preceded by an analysis to estimate the fre­
quency of waves of various heights. It was predicted from the results of
 
the analysis and the model tests that the rock fill would be attacked by 
storm waves up to 14 feet high before armor stone could be placed, but 
that the resulting damage would not be sufficient to render end-dumping 
economically infeasible because of costly repairs.
Construction of the breakwater at Silver Bay was duly undertaken, and, 
as anticipated, the unarmored fill was subjected to storm-wave attack. 
An early storm caused sufficient damage to require repair of the unfinished 
breakwater at least once before the occurrence of a particularly severe 
storm in May 1953. The history of this severe storm provides the essence 
of this example of prototype verification. As is the unvarying experience 
with natural occurrences, the May 1953 storm was not identical to the model 
design storm; furthermore, as is usual, the field construction was not carried 
out exactly according to the design tested in the model. However, both 
the prototype storm and the breakwater construction were in this case so 
similar to these features of the model tests as to afford an excellent basis 
for a model-prototype evaluation.
In referring to Fig. 7, which compares average cross sections of the 
unfinished breakwater, as damaged in the storm tests, with the crest line 
of the breakwater after the storm of May 1953, it is necessary to remark 
that the prototype section is wider than the model section, as a result of 
repairing previous storm damage. To be noted also is the fact that the pro­
totype was situated in deeper water than the model; however, this difference
http://ir.uiowa.edu/uisie/39
CROWN CL —+ I5F T LWD
M o d e l .
F i g . 7. W a v e  D a m a g e — S i l v e r  B a y  H a r b o r .
does not void the comparison, because the depths in both model and pro­
totype were sufficient that this factor could not significantly affect wave 
action on the breakwaters. The model and prototype storms were reason­
ably similar: both were of about 16 hours duration; the model waves were 
held to a height of 14 feet throughout the period while the prototype waves 
were smaller during the earlier and later parts of the period but reached 
a height of 18 feet at the peak of the storm. Characteristics of the proto­
type storm waves were determined through application of the latest methods 
of hindcasting developed by Wilson [14], A comparison of elevations in 
Fig. 7 shows that the heights of the prototype and model breakwaters were 
very similar after the storm damage. It is reasonable to conclude that the 
quantity of rock displaced and the resulting crown heights were predicted 
quite accurately by the model tests.
C o n c l u s i o n
As we let our minds scan the 25 years just passed, we see ever-increasing 
application of experimental hydraulics. We do not see a commensurate 
development in field confirmation of the experimental findings. For every 
paper in the technical literature upon the prototype verification of an ex­
perimental prediction, there are perhaps a hundred dealing with endeavors 
in the laboratory. Some of the reasons for this disparity have been touched 
upon in this presentation. To recapitulate in part: there is the dependence 
upon the seasons to bring about the natural events which set the stage for 
the observations desired; there is the frustration of being unable to install 
measuring instruments at the evanescent climax of conditions sought, or of 
having instruments forehandedly installed proven useless through the plug­
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ging of apertures with silt or the grounding of electrical circuits with the 
insidious seepage of moisture; and finally, there is the necessity to justify 
the never inconsiderable cost of prototype observations by demonstrating 
clearly the practical returns to be expected.
The Transactions of the American Society of Civil Engineers of more 
than 30 years ago contain a paper by John R. Freeman [15], which is 
written in a prophetic tone suggestive of Tennyson’s “Locksley Hall.” Free­
man was predicting an almost magical assistance to come to civil engineering 
through experiments on models in hydraulic laboratories. His dream has 
materialized in substantial dimensions. And despite the inherent difficulties 
of making them, prototype investigations are tending to confirm the re­
liability of model techniques.
While model-prototype confirmations should be pursued with unabated 
zeal, there is even greater worth in searching the prototype for the means 
to link the experimental work on basic physical phenomena with engineer­
ing practice. The accent in this effort should be on dynamics. We should 
devise and use a means of measuring a turbulence pattern, while simultan­
eously determining the nature and quantity of the material it is transport­
ing. We should devise and use a means of measuring the actual impact of 
a breaking wave. There are many other examples, but, in short, we should 
try to get along faster with following the advice given by Bakhmeteff [16] 
in 1948:
“We civil engineers, particularly in the past, have been very much 
brought up on dealing with permanent average values, like, for example, 
the average flow of a stream, or an average static pressure. It is only lately 
that we are becoming aware of the fact that we have local phenomena ex­
pressed in very large discrete local velocities, and perhaps fluctuating veloc­
ities, which do damage.”
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D i s c u s s i o n
Harold Kidd asked if it is correct that there is shoaling in the South­
west Pass at the mouth of the Mississippi when the gage at New Orleans 
is 12 feet or higher. The speaker replied that it is correct. He added that 
the flow in the estuary of the Mississippi is highly stratified. At low flows 
the salt-water wedge reaches 135 miles up the river— even above the city
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of New Orleans— and a substantial flow is required to keep the wedge farther 
down near the mouth. Of course, when it gets very close to the mouth quite 
an increase in flow is necessary to push the wedge out into the Gulf. Hence 
the wedge lies just within the mouth for a wide range of conditions— from 
12 feet on the gage up to the maximum stage which can be reached at New 
Orleans which is 20 feet. At that stage the Bonnet Carre spillway is opened 
and water is diverted into Lake Pontchartrain. Stages of 12 feet and above 
exist for three or four months of the year. Mr. Kidd then questioned if 
shoaling takes place farther upstream as the salt water wedge moves upstream 
at the lower stages. J. B. Tiffany replied that the Mississippi River is much 
deeper upstream than it is at the mouth. It is as much as 100 to 150 feet 
deep so that shoaling is not critical farther upstream.
Emmett Laursen commented that the speaker had described model studies 
of specific projects and that studies of this type are very useful. However, 
Mr. Laursen had noted in his own work and that of other laboratories the 
use of model studies in a slightly different way. Many structures are built 
which are too small to justify an individual model study, but because of 
the large number of somewhat similar structures there has been a tendency 
toward a type of research which might be called a generalized model study. 
As an example he mentioned the work of Fred Blaisdell at the St. Anthony 
Falls Laboratory of the University of Minnesota on box-inlet drop spill­
ways and stilling basins in which the design criteria for a great many small 
structures was evolved from a series of model studies. Such studies extend 
the usefulness of model work a great deal.
W. D. Baines commented that the speaker had not mentioned work on 
rivers which are non-sediment carrying, non-tidal, and which do not have 
a wide variation in flow. He asked if model studies on channel enlarge­
ments, channel cut-offs, and similar changes had been verified. The speaker 
replied that such work had been done quite extensively. The length of his 
paper had been limited, however, and he had described the work that he 
thought would be most interesting.
J. M. Robertson described a model for which the scale was less than 
unity; that is, the model was larger than the prototype. This is not usual in 
hydraulic engineering and there was no prototype verification in the strict 
sense. The model was made in connection with a cavitation study in which 
the boundary layer was very important. Cavitation is a phenomenon that 
sometimes is closely allied with details of the surface and in order to study 
the details a very thick boundary layer was desired. The model was made so 
that the boundary layer was 2 or 3 inches in thickness which compared 
with inch or less in the prototype. In this case a large model was made 
of a small thing.
Captain Wright stated that verification of model studies for Navy work
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often required revision of the model after the prototype performance had 
been tested so that the modifications during construction, which never quite 
follow the preliminary and contract design, can be duplicated and the model 
operated under the same conditions for which the prototype was evaluated. 
He closed the discussion by expressing the debt of the aviation services of 
the Navy, the NACA, and other government activities to the field of hy­
draulics, not only for the basic knowledge that the last 25 years have made 
available but more particularly to the people with that kind of basic knowl­
edge who undertake the many new types of problems that have been thrust 
upon us. It is this type of thinking, he added, that in areas such as mine 
sweeping, counter measures, submarine and missile design, is proving in­
valuable to this country from the foundation that was laid in the field of 
hydraulics.
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THE ROLE OF THEORETICAL PREDICTION IN FLUID MECHANICS
Louis L a n d w e b e r  
Iowa Institute of Hydraulic Research
I n t r o d u c t i o n
It is appropriate that, at the opening session of this conference on hy­
draulics, the chairman is a representative of the sister field of naval archi­
tecture. It symbolizes the parallel efforts between workers in these two 
fields to introduce into their respective arts rational techniques based upon 
the science of fluid mechanics.
We live in an era when the boundaries of science are so vast and their 
rate of growth so rapid that all but the most gifted intellects of those de­
voted to the extension of the frontiers of science must specialize in a narrow 
range of a particular field. This is not a new situation. About one hundred 
years ago, Helmholtz, the great German physiologist and physicist, in an 
address [1] at the University of Heidelberg, stated:
“We see scholars and scientific men absorbed in specialties of such 
vast extent, that the most universal genius cannot hope to master more 
than a small section of our present range of knowledge. . . . The con­
templation of this astounding activity in all branches of science may 
well make us stand aghast at the audacity of man, and exclaim with 
the chorus in the Antigone, ‘Who can survey the whole field of knowl­
edge; who can grasp the clues and then thread the labyrinth?’ One 
obvious consequence of the vast extension of the limits of science is 
that every student is forced to choose a narrower and narrower field 
for his own studies and can only keep up an imperfect acquaintance 
even with allied fields of research.”
If this was the situation one hundred years ago, how much more so is it 
today? Each worker in science elects to apply himself to the specialty 
which best suits his interests and talents. In the course of an investigation 
of a new problem in his specialty, he knows that intense concentration is 
necessary. The related literature must be gathered and studied to ensure 
that there is no needless duplication of work already accomplished. He 
must determine his course of action, be it experimental or theoretical, be 
concerned about the selection of the experimental or analytical techniques, 
anticipate that even after great effort has been expended on the investiga­
tion, newly discovered facts may make it necessary to reconsider his course.
This need for specialization and concentration is not without its dangers. 
A student who easily masters a field for which he has both affinity and
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talent might suffer from conceit and underdevelopment of his weaker facul­
ties if he were not required to participate in other disciplines. A lack of 
humility might affect his performance even in his own specialty, and give 
rise to needless antagonisms and misunderstandings among the different 
fields and sometimes even among parts of the same field. Thus some pure 
mathematicians are proud of the fact that they work in fields which are 
uncontaminated by applications and are hardly willing to admit that the 
applied mathematicians are mathematicians at all. Yet the history of science 
shows that both kinds of mathematics have been necessary in developing 
an understanding of the physical world, and alternatively, that the phenom­
ena of nature have been a great stimulus to the development of mathematics. 
It is clear that for his own sake as well as for the sake of science, a student 
should be required to study many fields other than his specialty, including 
especially the history of the evolution of his own and related sciences.
For these reasons I am pleased to observe the breadth of interests on 
the program of the present and previous Hydraulics Conferences. My own 
subject also serves as an indication of the increasing awareness of engineers 
that the science of fluid mechanics can serve to yield practical solutions 
to many of their problems.
The human mind makes progress in understanding the physical world 
by many means. Experience and experiment result in intuitions, concepts, 
ideas, even certain laws relating measurable quantities. In the growth of 
a science, many men contribute to the accumulation of a large body of 
facts, concepts and laws, each according to his own talents. These laws, 
such as those of Galileo for falling bodies, and of Kepler for planetary 
motion, do not yet constitute a theory.
A theory is born when symbols representing certain basic concepts are 
assumed to have a certain mathematical relationship to each other from 
which it is possible to deduce, by purely mathematical operations, known 
laws relating the same symbols. This is the first role played by theoretical 
prediction in any science; a new theory must be able to predict known facts 
and laws. It may happen, however, that several theories may be able to 
perform this function. To alleviate this embarrassing over-abundance of 
theories, it has been attempted, at various times in the past, to make a selec­
tion on the basis of metaphysical concepts of a Creator and of the nature 
of the “real” world, or on the basis of simplicity, or authority. The point 
of view that has won out is that that theory should be selected which can 
predict new laws, provided these laws are found to be in agreement with 
experiment. This is the second role of theoretical prediction.
The first successful theory of this kind, Newton’s principles of mechanics, 
was resented and attacked because of the strong support it gave to material­
ism. Laplace was also chided by Napoleon for having failed to mention the
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Creator even once in his monumental work on celestial mechanics, to which 
the former replied, “Sire, I had no need of that hypothesis.” Since Newton’s 
time, successful physical theories have attempted only to understand and 
predict the relations between natural phenomena. Interpretations and con­
clusions beyond this have been left to the philosophers.
Dictionaries give many definitions of the word “theory.” The one selected 
above implies that the term should be applied to a science only when the 
so-called theory is in mathematical form and is capable, by mathematical 
deduction, of theoretical prediction. Thus the inexorably exact techniques 
of the infinitesimal calculus play a dominant role in a scientific theory. 
This characteristic has given rise to two extremes of thought. Mathema­
ticians, finding their problems in the equations of a certain theory, and 
exulting in their exact techniques and oftentimes esthetically pleasing 
results, may lose sight of the fact that all theories are at best approximations 
and that we cannot hope ever to understand the ultimate nature of things. 
Practical men. on the other hand, noting that the scientists themselves make 
no claims concerning the absolute validity of their theories and do not 
hesitate to scrap old theories for new when a theory, even one of long stand­
ing, is contradicted by a newly discovered fact of nature, and observing some 
misapplications of the theory, may consider that theories are but toys of 
the physicist, whose model of nature is only a mirage, furnishing games 
for the mathematician. Nevertheless, the fruitfulness, even of theories 
which are ultimately discarded, in predicting new laws of nature which 
may lead to practical applications affecting our everyday life or our national 
defense, has led to an increased respect for theory among those who would 
naturally distrust it.
T h e o r y  o f  I n v is c i d  F low
Since the present address is concerned with predictions from the theory 
of fluid mechanics, it is necessary that we reach an understanding as to 
the nature of this theory. Although Newton had propounded the principles 
of mechanics in his “Principia Mathematica Philosophiae Naturalis,” pub­
lished in 1687, it was not until 1755, 68 years later, that a series of papers 
was published by Euler in which the science of hydrodynamics of an in­
viscid fluid may be considered to have been established. Like Newton’s, 
Euler’s achievement was not an isolated stroke of genius, but was based 
upon the advances and concepts of his predecessors and contemporaries. 
His great contribution was the avoidance of unnecessary assumptions as 
to the inherent structure of a fluid and the precise axiomatic formulation 
of the theory on the basis of the concepts of internal pressure, the nature 
of a continuous medium, and the principles of mechanics. Also applied 
by the new theory was the new technique of elementary abstraction, prob­
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ably first used by d’Alembert to derive the equation of continuity, in which 
the equilibrium of an infinitesimal element of the fluid was examined. 
Thus Euler derived his fundamental equations of motion of an inviscid fluid
„  1 , 0v . 3v . 3vi -------grad p  = —  +  u —- +  v —  +  w —
P dt dx dy dz
where F is the external force vector per unit mass of the fluid, p is the 
density of the fluid, p is the internal pressure, and v is the velocity vector, 
with components u, v, w, each a function of position (x, y, z) and time t. 
This, together with the fundamental equation of a continuous medium which 
expresses that its matter is continuous and indestructible,
0D
—  +  div (pv) — 0 
dt
constitutes a set of 4 partial differential equations in the 4 unknown func­
tions u , v , w and p .
Euler was able to show that the discoveries of the Bernoullis, Clairault, 
and d’Alembert followed naturally from his equations. Thus, since the 
predictions from his theory were in accord with existing knowledge, he had 
little doubt concerning its merit. Among these results was one obtained in 
1750 by d’Alembert and entered in a prize competition on the theory of 
fluid resistance sponsored by the Berlin Academy. When the additional re­
quirement was made that experimental proof must also be submitted, d’Alem­
bert withdrew his paper and subsequently published its contents in his 
treatise on fluid motion in 1752; this contained his famous paradox that 
the resistance experienced by a body in steady motion through a fluid 
is zero. One hardly wonders that the Berlin Academicians balked and de­
manded experimental confirmation. Since this result is completely contra­
dicted by experience, the new theory of hydrodynamics, almost at its birth, 
was known to be unable to predict certain fluid phenomena. Thus, al­
though Euler himself applied the theory (with an added force for fluid 
resistance) to the design of hydraulic machinery, practical men considered 
the theory which yielded so ridiculous a result as the d’Alembert paradox 
merely a mathematical curiosity.
Fortunately for the advancement of the science, mathematicians, who 
in the main were also natural philosophers, actively continued to develop 
and apply the theory. Lagrange and Laplace found that surface wave phe­
nomena predicted by the theory were in accord with experiment, thereby 
demonstrating the fruitfulness of the theory. Thus it appeared that the 
Euler equations were suitable for application to certain classes of phe­
nomena; but the applicability of the equations was limited by the fact 
that sufficiently powerful mathematical methods for solving the equa­
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tions had not yet been developed. The difficulty is common to all prob­
lems of physics concerned with continuous media. The functions of interest 
depend upon the space coordinates and time and when one applies physical 
principles to an element of the medium, the mathematical formulation 
of the problem is obtained in the form of a set of partial differential equa­
tions. General solutions of partial differential equations, when they are 
obtainable, may contain arbitrary functions and hence are of little practical 
value. Additional “boundary” conditions, such as the velocity state of 
the fluid at some initial time, or the constancy of the pressure on a free 
surface, are required in order to specify a unique solution.
It was stated above that the first role of prediction from a new theory 
was to show that it encompassed existing laws, and the second role, to dis­
cover new laws. The application of the theory to the solution of engineer­
ing problems may be considered as the third role of theoretical prediction. 
One may ask, then, why there was so long a delay before the theory of 
inviscid fluids began to play this third role. Two reasons can be given; 
first that the theory of partial differential equations was only being born 
when Euler published his equations and that about 150 years elapsed be­
fore comprehensive treatises on the subject began to appear, and secondly, 
that the range of physical phenomena to which the inviscid flow theory 
could be safely applied was not fully understood until the publication 
of Prandtl’s boundary layer theory [2] in 1904, also about 150 years later.
The most rapid and penetrating advances were made in the theory of 
irrotational flow from which Euler was immediately able to derive the 
Bernoulli equations. Euler’s introduction of the potential function <£ and 
its effective use by Laplace in his tome on celestial mechanics were sig­
nificant advances. Both the velocity potential of hydrodynamics and the 
gravitational potential satisfied the equation
V '*  m * ± + * ± + ? ± =  0
dx2 dy2 S z2
now known as Laplace’s equation, although previously found by Euler in 
1752. Instead of four equations in four unknowns, it was necessary to 
solve only Laplace’s equation from which the velocity field could then 
be obtained as v =  grad $  and then the pressure field obtained from 
the Bernoulli equation. Thus the further development of the theory of 
irrotational, inviscid flow became synonymous with the development of 
potential theory.
Laplace’s “Mécanique céleste,” which appeared in 5 volumes between 
1799 and 1825 and which culminated the work of the great natural phi­
losophers of the 18th century in applying Newton’s principles to the motions 
of the planets and their satellites, had at first a remarkably ennervating
http://ir.uiowa.edu/uisie/39
effect upon his contemporaries. It seemed to them that, with the mastery 
of astronomy, all of nature was understood and that the field of math­
ematics was exhausted. One recalls that a century later physicists had 
the same feeling about their subject, just before the discovery of the elec­
tron, radioactivity and the publication of the theory of relativity. In both 
cases the feeling was quickly dissipated as both science and mathematics 
surged forward to new discoveries and the development of new fields.
P r e d i c t i o n  o f  T w o - D i m e n s i o n a l  F l o w s
For two-dimensional flows the work of the great 19th century math­
ematicians, Gauss, Cauchy, and Riemann resulted in a powerful technique 
for attacking such problems. This consisted of the development of the 
theory of functions of a complex variable, and of its geometrical counter­
part, the method of conformai mapping. The theory shows that every 
possible function of a complex variable is a solution of the two-dimensional 
Laplace equation and corresponds to a possible irrotational flow, the 
potential and stream functions of which are the real and imaginary parts 
of the given function. Thus many such flows have been constructed and 
collected in handbooks. The method of conformai mapping, on the other 
hand, often makes it possible to find a direct solution by transforming 
the given boundaries and boundary conditions for which a complex potential 
is sought into other boundaries and boundary conditions for which the 
complex potential is known. The relation between the known and unknown 
complex potentials given by the mapping transformation then enables the 
latter to be obtained.
The most common hydrodynamic problem, that of the flow of a fluid 
past a rigid, impenetrable boundary, is a special case of the Neumann 
problem of potential theory, in which the normal component of the fluid 
velocity is prescribed along the boundary. Another type of boundary con­
dition, more common in the field of electrostatics, but also encountered in 
the free-streamline problems of hydrodynamics, is that of the Dirichlet 
problem, in which values of the potential are prescribed on the boundaries. 
It is a curious fact that, although it is easy to prove the uniqueness of the 
solutions of these problems, the mathematical proof of the existence of 
solutions was not accomplished until about 1900, by Hilbert.
The history of the evolution of the theory of conformai mapping is, 
in itself, a fascinating story. Hiemann’s publication of his geometric func­
tion theory in his doctoral dissertation in 1851, in which was included 
his famous mapping theorem that simply-connected regions can be mapped 
conformally into a circle, was immediately recognized as an outstanding 
achievement and a great advance which was applied by other mathema­
ticians in their own researches. Thus the discovery by Weierstrass in 1869
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that there was a fundamental flaw in Riemann’s work created quite a stir 
in mathematical circles. Riemann died before he could reply to Weierstrass’ 
criticism, and although many others attempted to salvage the proof, they 
were unsuccessful until Hilbert succeeded in 1900. As in the case of Fermat’s 
last theorem, which he noted in the margin of a book and of which he did 
not furnish the proof for lack of space, the attempts to correct the proof 
of Riemann's mapping theorem stimulated important developments of new 
methods in the theory of conformal mapping and of the calculus of varia­
tions. It should be mentioned that these developments were principally 
concerned with existence proofs, which mathematicians consider to be one 
of their primary tasks. Mathematical existence proofs of the solutions of 
the equations of physics are of significance for two reasons. First, they 
confirm that the equations are meaningful in a physical sense, and secondly, 
they often furnish a practical procedure for obtaining particular solutions.
To solve a Dirichlet or Neumann problem for a simply-connected region 
by conformal mapping, the first and most difficult step is to map the given 
boundary into a circle. By taking advantage of the mapping properties 
of the elementary functions, it is possible to transform a great variety of 
analytical shapes into a circle; but for arbitrary shapes it is necessary 
to resort to numerical procedures, usually consisting of the solution of a 
great many linear equations in as many unknowns, in order to obtain an 
approximate mapping function. The same function also transforms the 
boundary conditions, so that one now has a boundary-value problem for 
the circle for which the solution is immediately given in the form of a 
Fourier series, or as Poisson’s integral. Recently, a theorem due to Milne- 
Thomson, called the circle theorem, gave the solution for a circle immersed 
in an arbitrary potential flow, and consequently, by appropriate trans­
formation, the solution for a prescribed shape in the corresponding external 
flow field. Thus, once the transformation of a boundary into a circle is 
found, one immediately has, for the profile, solutions corresponding to 
all the boundary conditions for which solutions are known for the circle. 
It may seem, for example, that the obtainment of a flow at an angle of 
attack a on a profile from the flow at zero angle is trivial since it is derived 
so easily by rotating the flow in the circle plane, but when it is considered! 
that there is no such simple correspondence even in the simplest three- 
dimensional case of axisymmetric flow, it is seen how important and power­
ful is the transformation theory of two-dimensional irrotational flow.
The impression should not be formed that one is now in a position to 
solve all such two-dimensional flow problems. The preceding remarks 
apply only in the important class of problems in which the boundary con­
ditions are linear combinations of the potential and its normal derivative 
on a known surface. Methods for solving certain problems with free sur­
http://ir.uiowa.edu/uisie/39
faces of unknown shape depend upon transforming them into problems 
with known boundaries, such as the hodograph method, in which the free 
streamline is transformed into a circular arc, or linearization techniques 
in which conditions on an unknown boundary are assumed to prevail on a 
nearby, known boundary. Although the latter method is suited only for 
small disturbances, it has proved to be of great practical utility in such 
varied problems as that of surface gravity waves, the added mass of vibrat­
ing bodies, thin airfoil theory, and the cavitation of thin hydrofoils.
Two-dimensional irrotational flow problems of engineering interest, for 
which general methods of mathematical solution have not yet been evolved, 
are those in which the exact Bernoulli equation for steady flow,
p +  i p  (u2 +  v2) +  gy = C
which is non-linear in the velocity components u and v, serves as one of 
the boundary conditions. An example of this type of problem is the free 
overfall in which the pressure is constant on two free surfaces. Another is 
the free-surface gravity-wave problem for which some approximate solu­
tions have been obtained by means of special artifices, but a general tech­
nique for obtaining the waves generated by prescribed disturbing mecha­
nisms is not available. When analytical methods are wanting, recourse may 
be had to numerical procedures in which Laplace’s equation is replaced by 
a difference equation and a solution calculated by the relaxation technique.
P r e d i c t i o n  o f  T h r e e - D i m e n s i o n a l , I r r o t a t i o n a l  F l o w
It has already been indicated that, for lack of a transformation theory, 
three-dimensional irrotational flow problems cannot be solved as readily 
as their two-dimensional counterparts. In many respects, however, the theory 
for the two types of problems is very similar. One can immediately express 
solutions of the Dirichlet and Neumann problems for the sphere, and one 
has a sphere theorem for obtaining the modification of a potential flow 
field when a sphere is introduced into the flow; these are in exact analogy 
with the two-dimensional theory for the circle. Futhermore, if a solution 
of a three-dimensional flow problem has been obtained in terms of the singu­
larities (sources and doublets) which generate the flow, the forces, mo­
ments and added masses acting on bodies immersed in it can be expressed 
in terms of the strengths of these singularities by means of the Lagally and 
Taylor theorems in which the strengths of the singularities play a role anal­
ogous to that of the residues of the functions of a complex variable occur­
ring in the corresponding theorems for two-dimensions, such as that of 
Blasius.
What mathematical techniques are available for solving three-dimension­
al irrotational flow problems? A survey of such classical texts as Lamb’s
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“Hydrodynamics” [3] or Jeans’s “Mathematical Theory of Electricity and 
Magnetism” [4] reveals only two methods, one the separation of variables, 
the other the method of images. The former leads to solutions which can be 
expressed either as a series (generally infinite) of products of so-called 
orthogonal functions or as an integral whose integrand is a separable solu­
tion of Laplace’s equation. Well known examples are the Fourier series and 
integrals, series of spherical harmonics, etc. An alternative and equivalent 
systematic procedure consists of the application of the transform calculus, 
i.e., of the Fourier, Laplace and other transforms, an approach which was 
first introduced by Heaviside as an operator calculus for the solution of 
problems in electrical engineering, but was viewed with distrust until it was 
placed on a firm mathematical basis with the evolution of the transform 
calculus. Although in principle separable solutions and corresponding sys­
tems of orthogonal functions can be found for general classes of boundaries, 
from a practical point of view the application of this method is limited to 
those few types of boundaries which are associated with orthogonal coordi­
nate systems leading to families of orthogonal functions whose properties 
have been studied.
The other classical mathematical technique is the method of images. It 
can be applied conveniently to obtain solutions of problems in which the 
boundaries are plane or spherical, on the basis that the image system of a 
singularity (source, doublet or vortex) outside (or inside) of a spherical 
boundary is known. The recently published sphere theorem is the epitome 
of this principle. If the external singularities are known, their potentials, 
together with those of the image system, immediately give the complete solu­
tion to the problem. When the external singularities are also of the nature 
of images in spheres (among which planes may be included as spheres of 
infinite radius), the image system in the particular sphere of interest will 
disturb the singularity distributions in the external spheres and consequently 
one is led to the technique of successive images in order to obtain a solution. 
For example, the flow about a sphere in a channel bounded by parallel 
planes could be treated in this manner.
The method of images is of interest not only because it is one technique 
for solving flow problems but also because the forces and moments acting 
on a body and its added masses can be expressed in terms of the images 
by applying the Taylor and Lagally theorems. But does a method of images 
exist for mathematical shapes other than spheres? In two dimensions it 
was seen that this was essentially the case since, once the image system had 
been found for the circle, that for the prescribed boundary could be found 
by conformal transformation. In three dimensions the so-called Kelvin trans­
formation shows that new potential functions can be derived from a given 
one by inversion; on this basis the sphere theorem can be proved and the
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method of images justified. It is shown in Kellogg’s “Potential Theory,” 
[5] however, that Kelvin’s transformation cannot be generalized to yield 
a transformation theory suitable for other shapes.
There are strong indications, nevertheless, in the papers of Havelock 
and the newly completed Ph.D. dissertation by Bottaccini [6], that it may 
be possible to formulate a spheroid theorem which would accomplish the 
same ends as the sphere theorem, but, undoubtedly, in a more complex 
manner. Havelock, in a series of papers on a spheroid near a free surface, 
has made effective use of an image system above the free surface and even 
computed the secondary image system in the spheroid induced by the first 
set of images above the surface. Bottaccini has systematized this technique, 
making use of the orthogonality properties of series of Legendre functions, 
to obtain these second images within the spheroid which were determinative 
for evaluating the added masses of a spheroid accelerating near a free sur­
face. The interest in having a spheroid theorem stems from the resemblance 
of elongated spheroids to bodies of practical interest, such as ships and 
projectiles.
Fortunately, again at about the turn of the century, the elegant theory 
of linear integral equations of the Fredholm type was developed and its 
close relation with the theory of sets of linear algebraic equations and of 
orthogonal functions was shown. Simultaneously with the development of 
this theory, it was being applied to prove the existence of solutions of the 
Dirichlet and Neumann problems by formulating them as integral equa­
tions. It has since been discovered that there are many different ways of 
transforming a flow problem so that its solution depends upon that of an 
integral equation. Because of its close connection with existence theory, 
mathematicians have principally considered solutions in terms of the so- 
called Green’s function, the physical interpretation of which, for a body 
immersed in a potential stream, is that it gives the internal distribution of 
sources and doublets required, together with the external flow mechanisms, 
lo yield the desired flow in which the body is a stream surface. In the 
electrostatic case, the Green’s function gives the distribution of charge in­
duced on the surface of a conductor when it is introduced into a given electri­
cal field. Thus use of the Green’s function may be considered as the ex­
tension of the method of images to arbitrary boundaries. In each case the
 
Green’s function is to be obtained as the solution of an integral equation.
Other means of representing a flow problem by an integral equation 
consist of assuming an unknown distribution of singularities, usually on 
the surface, or, if the body is axisymmetric, on the axis, and then apply­
ing the boundary condition to obtain an integral equation with the distribu­
tion as the unknown function for which the integral equation is to be solved. 
This solution is then accomplished either by means of an iteration formula,
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which yields a solution by successive approximations, or by approximating 
to the integral equation by a finite set of linear algebraic equations in as 
many unknowns. Either of these procedures is tedious and time-consuming 
for manual computation, but easily adapted for processing on a high-speed 
digital computer.
All of the aforementioned techniques for making theoretical predictions 
have been mathematical in nature. Another well known method of solving 
potential flow problems is that of the physical analog, which is set up so 
as to satisfy the same equations and boundary conditions as the flow sys­
tem. Measurements in the analog system are then interpreted to predict the 
behavior of the flow system. Since these predictions are based on measure­
ments it may appear that they should not be considered as theoretical pre­
dictions. Actually the results obtained from such an analog are based on 
the theories of two different fields and consequently should be considered 
as theoretical in spite of the fact that experimental techniques are involved. 
Predictions from flow tests with a model, geometrically similar to the proto­
type, are not theoretical, however, since only the theory of dynamical simi­
larity, and not hydrodynamic theory, is the basis of predicting prototype 
performance.
Viscous F l o w  T h e o r y
The effects of viscosity were not introduced into hydrodynamic theory, 
in what we now consider to be the proper manner, for almost 100 years 
after Euler— by Saint Venant in 1843 and by Stokes in 1845— although 
the Navier-Stokes equations had been published previously by Navier in 
1822, but without a proper physical basis. The fundamental law of viscosity, 
that the stress due to it is proportional to the rate of strain, had already 
been proposed by Newton, but if it required 68 years after Newton to learn 
how to apply his laws of motion to a continuous medium subjected to an 
isotropic stress, it is understandable that another century elapsed before 
the much more sophisticated concept of the stress tensor and the rate-of- 
strain tensor and their assumed proportionality was evolved.
It was not clear, at first, that the equations of viscous flow
1  3 v  9 v  0 v  3 v
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with the condition of zero slip at the wall, could successfully predict results 
in agreement with experiment, because of errors in the existing data. Fifteen 
more years elapsed before the equations were applied to derive the parabolic 
law of the velocity distribution for laminar flow in a pipe, in agreement 
with the experimental data of Poiseuille published at about 1840. The sec­
ond role of the theory, that of predicting new laws, had in this case already
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preceded the first role of showing agreement with existing facts; for in 
1851 Stokes had derived the law of force F — 6-rrnav on a sphere of radius 
a moving through a fluid at a very low velocity v.
The equations of viscous flow were found to be much less susceptible of 
solution than the Euler equations. By employing special artifices solu­
tions were found for a few cases, but no general techniques for solving the 
Navier-Stokes equations are available. In general, the mathematical theory 
for coping with the exact Navier-Stokes equations still has not been de­
veloped.
This stalemate was broken with Prandtl’s publication of his boundary- 
layer theory in 1904 [2]. On physical grounds this theory led to a simplifi­
cation of the Navier-Stokes equations which transformed them from partial 
differential equations of the elliptic type to equations of the parabolic type 
which are more amenable to solution. Furthermore the theory indicated 
clearly what was the proper role of inviscid flow theory in fluid mechanics 
by delimiting the regions of flow in which viscosity need, and need not, 
be taken into account. Thus, all at once, the theories of both inviscid and 
viscous flow became practical and fertile.
L a m in a r  F l o w
Only for laminar flows has viscous flow theory proved to be completely 
successful. Possibly because of its technical importance in aerodynamics, a 
tremendous literature on boundary-layer theory has evolved, containing 
not only solutions of particular problems but also general numerical tech­
niques for computing laminar boundary layers on two-dimensional forms 
and bodies of revolution. For these shapes the viscous flow theory seems 
to be at least as simple to apply as that of potential flow. In fact, there is 
even a transformation theory for obtaining an arbitrary number of boundary 
layers from a given one, although there is no theorem analogous to Rie- 
mann’s mapping theorem to indicate that arbitrary boundary-layer prob­
lems can be reduced to a standard one. On the other hand, axisymmetric 
boundary-layer problems can be reduced to two-dimensional ones by means 
of Mangler’s transformation, a possibility that certainly does not exist 
in potential flow. Thus the boundary layer on a cone can be inferred from 
that on a wedge, for which the exact solution of the boundary-layer equa­
tions is known. Although both the Navier-Stokes and the boundary-layer 
equations are nonlinear, many more exact solutions of the latter equations 
have been found, a fact attributable to the change in the nature of the partial 
differential equations of motion from the elliptic (like Laplace’s equation) 
to the parabolic type (diffusion equation). Perhaps of even more sig­
nificance is the fact that equations of the latter type lend themselves readily 
to numerical solution by a progressive step-by-step process which is much
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simpler than the comparable relaxation procedure for elliptic equations.
Considerably less success was had in applying the viscous flow equations 
to flows about more general three-dimensional forms. These cases are 
complicated by the possibility of the occurrence of secondary flows within 
the boundary-layer. The boundary-layer equations for this general case 
have been formulated only within the past decade. A few applications 
of them have been made but general techniques for solving the equations are 
still lacking.
Just as Euler’s theory was distrusted because of the d’Alembert paradox, 
so were the Navier-Stokes equations questioned because of their apparent 
inability to account for turbulent flow. Experimentally it is observed that 
a laminar flow, if disturbed at a sufficiently high Reynolds number, may 
quickly become turbulent. If one has confidence in the validity of the 
Navier-Stokes equations, then, he would conclude that, for given boundary 
conditions, although the laminar-flow solution satisfies the equations at 
all Reynolds numbers, it is not a stable solution beyond some critical limit­
ing value, and that there must be many other solutions of the equations, 
of greater stability than the laminar flow at the higher Reynolds numbers, 
whose combined effect is to produce the turbulent-flow solution. Because 
of this view the extension of the theory of viscous flow has developed in 
two directions. In one, the stability of the solutions of the equations to 
various disturbances are being investigated; in the other, attempts are be­
ing made to develop a theory of the statistical properties of large families 
of solutions.
After about 50 years of intensive study, the theory of the stability of 
laminar flow still cannot be considered to be in a satisfactory state. Although 
the predictions from two investigations, the Couette flow between rotating 
concentric cylinders by Taylor [7], and the boundary-layer on a flat plate 
by Tollmien, Schlichting, and Lin, were confirmed by experiment, the 
theory of the stability of small perturbations predicts that plane Couette 
flow (flow between parallel walls in relative motion) will be stable at 
all Reynolds numbers, contrary to experience. This failure of the “linear” 
theory of stability indicates that a non-linear theory of the stability of the 
non-linear Navier-Stokes equations is needed, and, indeed, it has been stated 
by Neumann [8], that “nothing less than a thorough understanding 
of the statistical stratifications of the system of all their solutions would 
seem to be adequate to elucidate the phenomenon of turbulence.”
T u r b u l e n t  F l o w
It is generally assumed that the Navier-Stokes equations govern turbu­
lent flow also, although this assumption has only the weak justification 
that certain types of laminar flow have been shown, both theoretically and
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experimentally, to be unstable. Because of its random nature, the time 
history of the velocity either at a fixed point or of any particle of the fluid 
3s of little interest and one is concerned only with average values of the veloc­
ities and pressures. Recognizing this, the Navier-Stokes equations were 
averaged by Reynolds to yield what are now called the Reynolds equa­
tions, containing the six so-called turbulence stresses in addition to the 
viscous stresses. This is the essential difficulty, that the averaging process 
has added six more unknowns, but no more equations. This dilemma could 
be avoided if it were possible to follow Neumann’s advice, to obtain 
the totality of the solutions of the Navier-Stokes equations first, and then 
to average them.
The attempts that have been made, by Boussinesq and Prandtl, to com­
plete the theory with the Reynolds equations, by assuming simple addi­
tional relations between the turbulence stresses and the properties of the 
mean flow, have been only partly successful. In present days, a bold and 
intense effort to grasp the mechanics of turbulence and to utilize it to ob­
tain the equation needed to complete the theory is being made by Max 
Munk. These theories are sometimes referred to in the literature as phe­
nomenological in contrast with the statistical theories that seek a more 
fundamental understanding of the phenomena. This designation connotes, 
to some degree, that even if Prandtl’s mixing length theory had been suc­
cessful it would not have been a desirable theory in the sense that it would 
not have been based on the ultimate mechanism of turbulence. This is not 
in accord with our present point of view. Euler’s theory of an inviscid 
fluid (or Newton’s principles of mechanics) is not considered any less 
a theory because it was not based on assumptions concerning the molecular 
structure of matter, or, in the light of present day physics, on quantum 
mechanics. One may argue that the random motions in a turbulent flow 
are visible and measurable, but in reply, it could be pointed out that 
molecular motion in a fluid is also made essentially visible by the Brownian 
movement. The analogy could even be pushed a little farther. It is prob­
ably no more difficult to solve turbulent flow problems by means of the 
Navier-Stokes equation than it would be to solve elementary dynamics 
problems by means of Schrodinger’s equation of quantum mechanics.
The modern approach, innovated by Taylor [9] about 20 years ago, 
is to combine the methods of statistical mechanics with the equations of 
motion. Although the theory has been developed to the point where it 
has made certain predictions in conformity with experiment, a completely 
logical and coherent picture of the mechanics of turbulence is not yet at 
hand and the theory is not yet suited for practical application to even the 
simplest of turbulent flows. Instead, certain semi-empirical laws, such as 
the “law of the wall” and the “outer law,” which have a basis in dimensional
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analysis and are more or less confirmed by experiment, together with the 
momentum equation are applied to solve boundary-layer problems.
Of course the engineer is not waiting for a completely logical theory 
of turbulence to be formulated. He has at his disposal a tremendous col­
lection of facts, some laws, and, if he is old enough, the judgment and 
intuition born of experience to guide him. But if a theory became avail­
able, and he became versant in it, he could take advantage of it in either 
or both of two ways. First, if the mathematics of the theory were sufficiently 
simple, he could apply its precise predictions to his practical problems 
and thus relieve his mind of the necessity of remembering a large number 
of unrelated facts. Secondly, even when a complete mathematical solution 
of a problem is not feasible, it may be possible to use the concepts and the 
intimate understanding of the mechanism of turbulence inherent in a suc­
cessful theory as a guide to proper engineering decisions.
The present state of the theory of turbulence may be compared with 
that of hydrodynamics in the period between Newton and Euler. Although 
hydrostatics was mastered, the properties of flowing fluids were a great 
mystery which, it was believed, could be unravelled by means of New­
ton’s laws. Attempts were made to develop a discrete particle theory of 
fluids, new basic concepts were introduced, laws were discovered, great 
scientists quarreled over the merits and priority of their discoveries, until 
finally Euler succeeded. A comparable statement regarding turbulence 
is the following: Although laminar flow is mastered, the properties of 
turbulent flow are a great mystery which, it is believed, can be unravelled 
by means of the Navier-Stokes equations. Attempts are being made to de­
velop a theory of turbulence by way of three different approaches: through 
a complete mathematical study of the solutions of the Navier-Stokes equa­
tions and their stability, through the discovery of additional relations be­
tween the mean flow variables and the Reynolds stresses, and through the 
application of a theory of statistical mechanics. It could also be said that 
great scientists are quarreling over the merits of their theories, but, un­
fortunately, an Euler has not yet appeared.
C o n c l u s i o n s
The foregoing survey of the theories of fluid mechanics has attempted 
to indicate those parts of the subject for which a logical and coherent theory 
exists and for which techniques are available for applying the theory to 
engineering problems. For turbulent flows which include most flows of 
interest to hydraulic engineers the theory is not yet in a state so that it can 
be applied to even the simplest cases.
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D i s c u s s i o n
J. M. Robertson, F. B. Campbell and Philip Hubbard commented on 
the importance of theory in scientific progress and the increasing acceptance 
of it as a practical, useful aid.
Captain Wright inquired as to which came first, the mathematics or 
the physical concept and as to whether a theory of electrohydrodynamics 
has been developed. The latter is of great interest to those who operale 
in salt water. The speaker replied that men of many talents and skills 
must combine to collect facts, develop concepts and even develop laws 
before a theory can be established. Otherwise, mathematics is just a toy. 
At present men of great intellect are applying themselves experimentally, 
theoretically, and analytically to develop concepts about turbulence. The 
feeling is that we must perform certain basic experiments to understand 
the mechanism of turbulence before a theory can be developed. About 
electrohydrodynamics, the electrical theory is well established but the 
theory of turbulence has yet to be developed and a theory of electro­
hydrodynamics can not culminate until the turbulence theory is completely
 
formulated.
Alfred Nissan commented that he did not consider either mathematics 
or experiments essential to development of a scientific theory. He cited 
the theory of evolution as scientific without requiring either mathematics 
or experiments and astronomy as a science that could go on for quite a 
time without experiments. He stated that, in his opinion, observation, pre­
diction, and confirmation are the essentials but they are aided most power­
fully by mathematics. Then he referred to G. I. Taylor’s work on predic­
tion of instability around rotating cylinders. He developed by mathematics 
a theory which was numerically exact and which was verified by experi­
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ment. For a long time his work was a very interesting example of theoretical 
hydrodynamics, but recently some of the troubles with paper-making 
machines were related to his theory and people realize that his theory has 
practical value.
James Dailey requested comment as to the most effective way to realize 
the benefits of combining mathematical theory with engineering. Should 
engineers be trained to do it, or should it be done by specialists, and where 
should the training be given? The speaker disclaimed being an expert on 
education but felt that engineers as a group can not be expected to apply 
the mathematical aspects of theory. They can be taught the concepts and 
physical ideas of a successful theory. However, some engineers have more 
scientific curiosity and greater interest in academic pursuits and go on 
to graduate study. These should be taught the more powerful techniques 
that can be used to solve engineering problems. A few of them scattered 
through industry could do much good. For example, the off-shore oil 
industry has made good use of a few engineers who are also capable analysts 
and theorists in connection with the hydrodynamics problems involved 
in erecting drilling rigs and keeping them in place. Some few engineers 
may be selected who will benefit from current theory and in addition some 
members of related professions such as applied mathematicians and prac­
tical physicists may be attracted to hydrodynamics. The latter may learn 
the additional theory with less difficulty than engineers who, of necessity, 
must concentrate on the more practical aspects of the problems.
Maurice Albertson suggested a look at the methods of approaching a 
problem, that is research in its broad sense, and thinking in terms of (1) 
theory, (2) laboratory, fundamental, (3) laboratory, applied, and (4) 
field. No one can be an expert in all fields; hence a team should be organ­
ized that can approach the problem from all viewpoints. Thus the fact will 
be emphasized that the fundamental part of laboratory research can spring 
either from theory or, as the speaker pointed out, if there is no theory, 
from a body of fundamental laws and information which must be built 
up. The fundamental laboratory work blends into the applied and finally 
goes into the field for confirmation. The usual first incentive for study is 
a field problem; so by working back and forth the basis for a theory can 
be established and, although a theory is no better than the assumptions on 
which it is based, a good theory simplifies the other work appreciably.
Captain Wright closed the discussion with a double tribute to the speak­
er. First, he said that in his opinion and the opinion of many others he 
is the outstanding current authority in this country on the mechanics of 
boundary layers and second, that he had put the laboratory where he had 
done his under-doctorate work on the basis of using experiment to check 
theory, and that this is the order of the day there at the present time.
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EVAPORATION SUPPRESSION IN LABORATORY AND FIELD
G. E a r l  H a r b e c k , Jr .
U.S. Geological Survey
I n t r o d u c t i o n
The storage of water in reservoirs has long been relied upon to bridge 
the gap between the time of precipitation and the time of need for water. 
In many areas, and particularly in the arid West, reservoirs are essential 
for storing the spring flood waters derived from melting of the winter 
snows for irrigation during the summer. The loss of water by evaporation 
from those reservoirs is the toll exacted by Nature.
Annual gross evaporation losses from lakes and streams in the Colorado 
River basin total more lhan 214 million acre-feet, according to preliminary 
results of a study being made by J. Stuart Meyers of the Geological Sur­
vey. Although this loss is but a drop in the bucket compared with approx­
imately 150 million acre-feet a year supplied by precipitation on the basin, 
the interest shown in the possibility of reducing evaporation indicates that 
even small savings are important. Also, it should be remembered that 
the water evaporated is pure water, and the water saved would dilute the 
undesirably high amount of dissolved solids of some supplies.
The use of a monomolecular film to suppress evaporation has been 
known for many years, but until recent years the phenomenon was apparent­
ly regarded as a laboratory oddity. In the last few years many investigators 
in Australia, Africa, and the United States have been delving into the prob­
lem. There is yet much to be learned, but preliminary results are encourag­
ing.
C o o p e r a t i v e  S t u d i e s  in  T e x a s
The history of the cooperative studies on evaporation control in Texas 
has been described by Stephens [1]. Drought conditions in Texas stirred 
interest in evaporation suppression as a means of conserving water. In 
1955, representatives of a number of interested organizations met at South­
west Research Institute (SwRI) at San Antonio to discuss the advisability 
of research in this field. An organization later known as the Southwest 
Water Evaporation Research Council, Inc., was formed. The financial 
support of both public and private groups was obtained, and the funds 
contributed were deposited with the Texas State Board of Water Engineers, 
who entered into a contract with SwRI for a study of the problem.
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The Geological Survey, because of its interest in the water resources 
of the nation, was keenly interested in the project and collaborated in­
formally with the Texas groups. The evaluation of the success of the field 
tests on ponds was the responsibility of the Geological Survey. The lab­
oratory screening tests and the application of the film-forming material 
were made by SwRI.
L a b o r a t o r y  S c r e e n i n g  T e s t s
As a result of publicity on the subject of suppressing evaporation, manu­
facturers submitted many samples of various compounds that might be suit­
able. It was considered essential to test these compounds under controlled 
conditions in the laboratory, after which the most promising were to be 
tested in the field, first using metal tanks and then reservoirs.
The laboratory screening apparatus, as described by Dressier [2], con­
sisted of 18, nine by twelve-inch round battery jars. They were placed 
in an insulated constant-temperature bath 16 feet long, 12 inches wide, 
and 10 inches deep. The circulating water in the bath was maintained 
at 86°F.
Each jar had a specially designed lid, an air inlet, and an auxiliary 
reservoir containing distilled water for evaporation replenishment. The 
lid was designed so that the air velocity was constant across the top of the 
water in the jar. The evaporated water was replaced automatically to keep 
the water level constant at all times. The air was dried with silica gel driers.
Several jars were used as controls, and contained only distilled water. 
The amount of suppressant tested was equivalent to 1 pound of the material 
per acre of water-surface area. Many of the tests were run for 5-day periods, 
but some experiments to determine film life were conducted for longer 
periods.
Altogether some 150 compounds were tested. Some had no effect what­
ever on evaporation. Others were highly efficient in suppressing evapora­
tion, at least under controlled conditions in the laboratory. For example, 
one sample of hexadecanol reduced evaporation by 45 per cent. One brand 
of octadecanol gave a saving of 60 per cent, while a mixture of hexadecanol 
and octadecanol gave a saving of 54 per cent. A sample containing mostly 
dodecanol reduced evaporation by 56 per cent. In some instances, samples 
furnished by other manufacturers gave greatly different results. Four 
different samples of hexadecanol of the same commercial grade produced 
savings ranging from 27 to 45 per cent. Two hexadecanol-octadecanol 
mixtures made by the same manufacturer and with almost identical pro­
portions showed savings of 19 and 38 per cent. Such erratic results can­
not be accounted for by experimental error. There is apparently a great 
difference to be expected between samples of hexadecanol of the same
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technical grade as prepared by different manufacturers. Also, minor changes 
in proportions of mixtures of hexadecanol, octadecanol, and dodecanol 
seem to have great effect on the efficiency of the mixture in suppressing 
evaporation.
T e s t s  w i t h  S t e e l  S t o c k  T a n k s
Two 10-foot diameter stock tanks were installed at SwRI in May 1956. 
Tests made before any compounds were applied showed that natural evap­
oration losses were the same from both tanks, within experimental error 
limits. Hexadecanol was used for the first test in June 1956. The film 
was apparently destroyed or its effectiveness dissipated by heavy rain after 
the film had been in place for 8 days. By this time the effectiveness had 
dropped to almost zero, although the average reduction in evaporation 
was approximately 25 per cent for the entire period. An octadecanol film 
was then applied, and the results were not greatly different from those ob­
tained with hexadecanol. Tests during the summer of 1956 indicated that 
somewhat better results were obtained with octadecanol than with hexa­
decanol, at least under the conditions of high water temperatures experienced 
in the San Antonio area.
The short film life was not totally unexpected. A report [3] on the 
Kids Lake tests at Oklahoma City in 1956, mentioned that Ludzack and 
Ettinger, of the Robert A. Taft Sanitary Engineering Center, had found 
a strong indication that hexadecanol was consumed by organisms contained 
in river water. It remains to be seen whether the rate of consumption under 
natural conditions is sufficiently great to make the use of a hexadecanol 
film impractical. Use of a bactericide does not seem practical; killing 
the bacteria after they have already ingested the hexadecanol does not 
seem logical. Bacteriostasis has also been suggested as a possibility, if a 
suitable method can be found. But if a suitable bactericidal or bacterio­
static agent is available, the cost must be considered. If the chemical is 
effective in concentrations as low as 1 ppm, the cost might still be excessive. 
For example, the capacity of Lake Mead is about 30 million acre-feet. At 
a concentration of 1 ppm, 30 acre-feet of the chemical would be needed. 
Copper sulphate is widely used for controlling algae in water-supply reser­
voirs. A volume of 30 acre-feet of copper sulphate would weigh 187 million 
pounds and at current prices would cost about $20 million. As the capacity 
of Lake Mead is approximately twice the normal annual inflow, it would 
cost $10 million each year to maintain the 1 ppm concentration of copper 
sulphate, if complete mixing took place. If the consumption of hexadecanol 
by organisms in the water should turn out to be the controlling factor in 
determining whether its use is economically justified, research will be 
needed to find an additive that will make the hexadecanol unpalatable to
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the organisms. Control by bactericidal or bacteriostatic agents does not 
appear to be practical.
Many other tank tests were made during the fall and winter of 1956-57 
using hexadecanol and similar compounds with various bacteriostatic and 
bactericidal agents. During a 35-day test using a mixture of hexadecanol 
and 1 per cent dichlorophene, a reduction in evaporation of 35 per cent 
was obtained. The material consumed was 0.14 pound per acre per day. 
During one 60-day test a mixture of hexadecanol with 5 per cent chlorhydrol 
was used. A reduction of about 25 per cent in evaporation was obtained 
with the consumption of 0.65 pound of film material per acre per day.
E v a l u a t i o n  o f  S u c c e s s  o f  F i e l d  T e s t s
Some investigators have used auxiliary evaporation pans to measure 
the reduction in evaporation caused by a monolayer film, but the accuracy 
of the results may be questionable. The statement has been made [4 | that 
“It is not clear by what reasoning process it was conceived that lake evap­
oration should be proportional to that observed in a nearby pan, and there 
is little to be gained by speculation at this time.” Although it is generally 
conceded that in most instances annual reservoir evaporation can be com­
puted with reasonable accuracy by applying a coefficient to measured 
evaporation from a pan, the seasonal variation in pan coefficients make 
this technique questionable, if used to measure reductions in evaporation 
for short periods, such as a week or month.
Other techniques for computing evaporation include the energy-budget 
and mass-transfer techniques. These were tested at Lake Hefner [5] and 
applied at Lake Mead [6]. A combination of these two techniques provides 
a method [7] to evaluate the success of a monolayer film for the suppression 
of evaporation. A complete description of the method, including the theo­
retical analysis, is beyond the scope of the present paper. The application 
of a monomolecular film to suppress evaporation will cause a rise in water- 
surface temperature. The presence of a film does not change the amount 
of energy received as solar and atmospheric radiation.
If the amount of energy being utilized for evaporation is decreased, the 
energy being disposed of in other ways must increase correspondingly. The 
most important of these are back radiation and conduction, which are pro­
portional to the water-surface temperature. Accordingly, when a film is 
applied, evaporation is decreased, and the water-surface temperature rises 
until equilibrium is reached and most of the energy no longer being utilized 
for evaporation is being returned to the atmosphere by back radiation and 
conduction.
When the film has been applied, evaporation can be measured using 
the energy-budget method. The water surface temperature and evaporation
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that would have been observed if no film had been applied are both un­
known. Simultaneous equations based upon both energy-budget and mass- 
transfer theory can be solved for the two unknowns.
F i e l d  T e s t s  in  T e x a s
Essar Ranch Lake, a small ranch stock pond several miles from SwRI 
at San Antonio was selected for the first field tests. A hydrographic survey 
furnished by SwRI shows that the maximum area of the pond at spillway 
level is approximately 28 acres; during the test period, however, the water 
surface area was about 4 acres.
During the period June 22 to July 15, 1956, evaporation was measured 
using the energy-budget method. Data were obtained to permit evaluation 
of certain empirical constants needed in the previously described evaluation 
technique.
For each field test the compounds used were applied in solid form. 
Powdered material was broadcast by hand from a boat for the original 
application. Replenishment material was supplied from small rafts having 
a supply of pellet-sized material in a wire-mesh container.
During the period August 1 to 10. 1956, octadecanol was applied at the 
rate of 2.2 pounds per acre. The computed reduction in evaporation was 
4 per cent, and the water-surface temperature was 0.7°C higher than it 
would have been if no film had been applied.
During the period September 10 to 20, 1956, octadecanol was again used, 
at the rate of 20 pounds per acre. Evaporation was reduced 9 per cent, 
and the resultant temperature rise was 1.2°C.
In the third test, October 10 to 31, 1956, hexadecanol was used, at a rate 
of 20 pounds per acre. The results were much more encouraging, for the 
indicated saving in evaporation was 18 per cent. The rise in water-surface 
temperature was 1.9°C.
Results of a subsequent test were inconclusive because of greatly in­
creased volumes of inflow. The owner of the reservoir decided to use it to 
store the portion of the water being pumped from nearby wells that was 
not needed at the moment for irrigation.
The next tests were conducted at McFaddin Reservoir, at the Moss Bluff 
plant of the Texas Gulf Sulphur Company, near Liberty, Texas. This lake 
is somewhat larger than the pond used for the previous tests, and during: 
most of the spring and summer of 1957 its surface area was 12 to 15 acres. 
Following a pretreatment calibration period March 12 to April 19, 1957, 
hexadecanol was applied for the first test, which continued until June 17. 
One per cent of cupric laurate was added to the hexadecanol in an attempt 
to reduce the consumption of the film-forming material by bacteria. The 
amount of hexadecanol actually used (0.64 pound per acre per month) was
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determined by weighing the material placed in each raft at the beginning 
of the test and again at the end of the test. However, the reservoir over­
flowed into a drainage ditch on one occasion, and some hexadecanol may 
have been lost. The reduction in evaporation was computed to be 5 per 
cent, and the temperature rise was 0.5°C.
The next test was made during the period June 17 to August 5, 1957. 
Octadecanol was the film-forming material used, but there was no apparent 
reduction in evaporation. The amount of octadecanol used was 0.78 pound 
per acre per month. It should be noted, however, that natural evaporation 
rates in this area are low owing to prevailing high humidity, and the accuracy 
of the results is not believed to be high.
Because natural evaporation rates are low and relative errors in evaluat­
ing savings might conceivably be large, it was decided that satisfactory 
tests could not be made at McFaddin Lake. However, in many respects the 
lake was excellent for this purpose; it was regular in shape, inflow and 
outflow were very small, and well qualified technical personnel of the 
Texas Gulf Sulphur Company were available to make observations and 
service the recording equipment. Unfortunately, the high humidity and 
the sulfide corrosion caused frequent malfunctioning of the temperature 
and radiation equipment, which introduced additional complications.
The equipment was moved to Cement Creek Reservoir at Fort Worth 
in August 1957. Built by Tarrant County Water Control and Improvement 
District No. 1, Cement Creek Reservoir is used for flood control and has 
a small permanent pool below the level of the uncontrolled morning-glory 
spillway. During the fall of 1957, pretreatment calibration data were ob­
tained. Heavy rains during the spring of 1958 have caused the application 
of a film to be postponed because of the frequent spilling of the reservoir.
E f f e c t  o f  H e x a d e c a n o l  o n  W a t e r  Q u a l i t y
In the summer of 1956 tests were made to determine the effect of hex­
adecanol on the quality of water in Kids Lake at Oklahoma City. Kids 
Lake is a 6-acre pond adjacent to Lake Hefner, one of the City’s water 
supply reservoirs. A committee composed of representatives of U.S. Bureau 
of Reclamation, city of Oklahoma City, North Texas State College, Okla­
homa State Department of Health, U.S. Public Health Service, and U.S. 
Geological Survey collaborated in the tests which were coordinated and 
reported on by the U.S. Bureau of Reclamation [3],
The initial treatment at Kids Lake was hexadecanol, at a rate of 8 pounds 
per acre. Replenishment material was provided by a supply of hexadecanol 
in a screened mesh container supported by a small raft.
No attempt was made to evaluate the success of the film in suppressing 
evaporation. The basic conclusion of the committee was that “insofar as
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criteria of water quality, including taste, odor, color, toxicity, and other 
chemical qualities are concerned, nothing has been determined from this 
study to preclude further investigations with hexadecanol.” The effects of 
the film on biological and limnological factors were also investigated. 
It was concluded that temperature rises resulting from the film were not 
great enough to have any limnological importance, and that hexadecanol 
does not greatly reduce the dissolved oxygen even near the surface. The 
committee also concluded that hexadecanol caused no deleterious effect 
on the plankton population, nor did it affect the bottom fauna. No harm­
ful effects on fish were observed. Although the number of certain bacteria 
increased, it was considered that the increase was not adverse insofar as 
water quality of Kids Lake was concerned.
F u t u r e  S t u d i e s
Although much has been accomplished in the last few years in the use 
of a monomolecular film for the suppression of evaporation, much remains 
to be done. Techniques have been developed to identify the presence of 
a film and to measure its pressure. The results are applicable only to a 
specific point; an optical means of identifying the areal extent of film 
coverage is needed.
Better methods of applying the film are needed. Perhaps a suitable 
volatile solvent can be found. The solution must, of course, be nontoxic. 
If consumption of the film material by microorganisms requires excessive 
amounts of replenishment material, an additive may be necessary to make 
the material unpalatable, if one can be found.
Thus it appears that evaporation suppression research is a fertile field 
of endeavor for physical chemists and biochemists, engineers, limnologists, 
and optical physicists. And if their efforts are successful, the water econ­
omy of the arid West will be benefited.
A c k n o w l e d g m e n t s
A number of public and private groups cooperated in the Texas evap­
oration suppression studies. The project sponsors contributed financially, 
and other groups participated actively in the laboratory and field studies.
Southwest Research Institute personnel designed and constructed the 
laboratory equipment used for the screening tests of many compounds. 
They made the tests in the 10-foot diameter steel tanks, and made the ob­
servations at Essar Ranch Lake. Application of the film-forming material 
used in the field tests was the responsibility of SwRI.
Personnel of Texas Gulf Sulphur Company, Inc., assisted with installa­
tion of equipment at McFaddin Reservoir, and made the field observations. 
Texas Electric Service Company of Fort Worth loaned a multi-channel
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recording potentiometer and an underwater thermometer for the evaluation 
studies, and assisted with equipment servicing at Cement Creek Reservoir. 
Personnel of Tarrant County Water Control and Improvement District 
No. 1 made thermal surveys of Cement Creek Reservoir and serviced equip­
ment installed at the reservoir.
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D i s c u s s i o n
Arthur Toch requested clarification of the speaker’s figures on evapora­
tion and water supply in the Colorado Basin. The speaker stated that the 
total annual supply, obtained by planimetering a map showing annual pre­
cipitation is about 150 million acre feet. The average annual runoff at the 
Lower Colorado is about 16 million acre feet and the preliminary estimate 
of the evaporation loss from reservoirs, lakes and flowing streams of the 
Colorado river basin is 2.25 million acre feet per year. This estimate does 
not include transpiration from vegetation or irrigated areas; it is only the 
evaporation from free water surfaces.
Maurice Albertson asked about the influence of wind shear and wind 
waves, whether the film damps the waves, and at what wind speed the film 
breaks up. The speaker answered that he had observed the wake behind the 
rowboat from which the material was being broadcast and there was some 
damping effect. However, the film does not show on aerial photographs 
and no correlation has been possible between wind speed and the breakup 
of the film. A little experimenting has been done with infrared photography, 
but the only information obtained is that the film is broken up by large 
waves. A coat of film remains and the material on the lake re-forms the film 
when the wind goes down; material blown up on shore will be recovered
http://ir.uiowa.edu/uisie/39
by a rise in water level. Up to now small ponds have been treated success­
fully and probably part of the reason for the success is the absence of large 
waves. An effective demonstration of the film is to put some carbon black 
or talc on the surface of a beaker and drop in a very tiny bit of hexadecanol. 
The film formed will immediately chase the carbon black or talc to the 
sides and up the sides of the beaker.
Charles Lee inquired about the method of application. The speaker 
said that the material had been broadcast by hand on small ponds only. 
However, the Bureau of Reclamation plans to make tests this summer of 
mixing the hexadecanol with water and spraying the mixture over a lake. 
The Geological Survey is to evaluate the results of the experiment. There 
is still much to be learned about the method of application.
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THE MODELING OF FLUID FLOW ON A PLANETARY SCALE* 
Alan J. F a l le r  a n d  William S. v o n  Arx 
Woods Hole Oceanographic Institution
I n t r o d u c t i o n
When we speak of fluid flow on a planetary scale, we have in mind 
those large-scale circulations in which the rotation of the reference frame, 
relative to which the flow is observed, plays a dominant role in the dynamics 
of the circulation. This is certainly the case for the atmosphere and for the 
ocean circulation.
Planetary circulations need not be confined to fluid motion on the scale 
of our earth, however. Other systems in rotation may have similar circula­
tions, if the physical boundary conditions, the fluid properties, and the ex­
ternal or internal sources of energy are in the proper ratios, one to another. 
It is on this basis that models of the atmospheric and oceanic circulations 
have been attempted in the laboratory and with rather surprising success 
considering the lack of similarity of certain non-dimensional parameters 
which are considered of basic importance in other (restricted) fields of 
inquiry.
Planetary hydrodynamic experiments can play two different roles: one 
as a method for guiding theoretical studies by fundamental experiments and 
as a means of verification of simplified theoretical predictions; and the 
other to simplify and reconstruct natural processes in miniature. Although we 
may all agree that the theoretical role is more productive in the long run, 
the history of atmospheric- and ocean-model research suggests that if rather 
bold (and perhaps naive) attempts had not been made at first to duplicate 
nature, the more fundamental studies might not yet have been initiated. 
Indeed, the general weight of considered opinion has definitely been against 
such experiments because of the impossibility of modeling the Reynolds 
number (in particular) and because of the obvious disparity of a model’s 
dimensions in relation to the prototype and of geometrical difficulties en­
countered in reducing the spherical shape of the earth to a form suitable 
for laboratory study. It will be apparent in the following discussion how 
the initial attempts at ocean models, designed to duplicate a part of nature, 
have stimulated theoretical developments. These have led to more simplified 
experiments which have gone hand in hand with theory and eventually lent
*Contribution No. 987 of the Woods Hole Oceanographic Institution.
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confidence to the theoretical prediction of a previously unknown ocean circu­
lation.
To appreciate the manner in which rotating coordinate systems may 
alter the character of fluid circulations, it is useful to consider the rotational 
effects from two points of view. Qualitatively we may consider the nature 
of the Coriolis force and show that the rotation must indeed have consider­
able influence on the relative motion of free particles. But it is not a simple 
matter to judge qualitatively all the effects of rotation on fluid systems with­
out introducing rotation into the equations of motion.
From the qualitative point of view we may see how a particle moving 
inertially with respect to the rotating earth, and confined to the earth by 
gravity, always curves to the right in the northern hemisphere in such a 
manner that it appears to be subject to a horizontal force at right angles 
to its velocity vector. The magnitude of this apparent force, the Coriolis 
force, is directly proportional to the velocity. For a particle moving in the 
north-south plane such motion toward the right is a manifestation of the 
conservation of absolute angular momentum Q2R =  constant, in which Q 
is the particle’s absolute angular velocity and R is its radius from the axis 
of rotation. Thus if R decreases, as is the case for northward motion on 
the earth, Q must increase and a component of motion toward the east is 
apparent. Relative motion toward the west occurs where the opposite is 
true, as for southward motion, where R increases and Q decreases. Curvature 
to the right for a particle moving in the east-west plane is not ordinarily 
explained, but the apparent force to the right is readily seen to be due to 
an excess or deficiency of centrifugal force due to rotation about the 
earth’s axis. The apparent centrifugal force on a particle rotating with 
the earth is normally balanced by a slight northward component of the geo­
centric gravitational force due to the earth’s ellipticity, but if the particle 
moves toward the east it is moving faster than the earth and the excess cen­
trifugal force causes a southward (outward) motion, while motion toward 
the west results in a deficiency of centrifugal force and northward accelera­
tion occurs.
Writing the Navier-Stokes equation for flow relative to a rotating co­
ordinate system is equivalent to inclusion of a single additional term de­
pendent upon rotation, the Coriolis acceleration. Thus, if c is the relative 
velocity, the Navier-Stokes equation in vector notation becomes
^C- +  20 X c  = — pV p +  g +  F (1)
dt
where Q is the angular velocity vector of the coordinate system, p the fluid 
density, V p  the gradient of pressure, g the acceleration due to gravity, and
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F the effect of viscosity. The various terms may be simply identified as:
inertial Coriolis _  pressure , gravitational frictional
term term gradient term term
term
This basic equation has been expanded and approximated in many 
forms for studies of the oceanic and atmospheric circulations, and the 
derived equation for the vertical component of vorticity is the basis of 
most numerical weather forecasting techniques. In the most common ap­
proximations the inertial terms are neglected as being generally small 
and only steady state inviscid flow is considered, hence the equation for 
horizontal flow becomes the “geostrophic” equation
( 2f i Xc) „ =  - p V H/> or c =  —— -----  p V hP (2)
2i2sin (f>
where <j> is latitude and the generally small vertical motions have been 
neglected in the right hand expression. Thus the geostrophic current is 
normal to the horizontal component of the pressure gradient. It is observed 
that Eq. (2) is fairly well satisfied in the atmosphere and is a good ap­
proximation to the circulation in the oceans. The subject of geostrophic 
flow and deviations from this state is exhaustively treated, both experi­
mentally and theoretically, in the meteorological literature and will be 
discussed here only in so far as it is important to the later development of 
this subject.
G e n e r a l  P l a n e t a r y  M o d e l i n g  T e c h n i q u e s
The important consideration here is the relative significance of the 
various terms in the equation just discussed. If planetary circulations are 
essentially geostrophic, a representative model must be built and operated 
in such a way that the viscous forces and the relative accelerations are 
small compared to the Coriolis and pressure gradient terms. Let us con­
sider the inertia term first: Inasmuch as the terms in the expansion of 
dc/dt  vary as the square of velocities (e.g., as v2/ r )  whereas the Coriolis 
term varies linearly with particle speed, a necessary condition for quasi- 
geostrophic flow is a slow relative circulation. The ratio of the inertial 
terms to the Coriolis terms is of the form (v2/ r ) /Civ =  v/rCl =  R 0, called 
the Rossby number. From the preceding argument, R„ is an inverse measure 
of the extent to which the flow is geostrophic, that is, it indicates directly 
the degree of unbalance between the pressure gradient and the Coriolis 
force. Very small values of R„ imply small inertial terms and highly geo­
strophic flow.
The arguments above have not considered the effects of viscosity, and 
it is quite clear that for a highly viscous fluid the criterion cited would
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break down. On the other hand, the large-scale circulations of the oceans 
and the atmosphere away from the relatively thin boundary layers are 
characterized by large Reynolds numbers R, which implies that the viscous 
forces are generally small in comparison with the inertial forces and do 
not cause appreciable departures from geostrophy. Therefore, to a first 
approximation, it is sufficient that the Reynolds numbers for these models 
be very large.
The Froude number F is a third independent non-dimensional parameter 
that may be obtained from the equation of motion, but this can be dis­
missed by a plausibility argument as not important for modeling the gross 
planetary flow. Since hydrostatic balance is generally assumed where 
vertical accelerations are small, gravity waves do not appear as possible 
solutions to the equations and F is not a relevant parameter. Thus the pri­
mary modeling criteria are (1) equivalent values of R n and (2) sufficiently 
large values of R.
This discussion of non-dimensional numbers is only cursory, and noth­
ing has been said concerning thermodynamic processes or the boundary 
conditions. By ignoring these aspects of the problem we implicitly assume 
that with (1) a rotating system, (2) a fluid of low viscosity, and (3) an 
analogous distribution of energy sources and sinks it is possible to gen­
erate circulations having appropriate Rossby numbers. It is important to 
note that in models of this type the relative velocities are a result of the 
total conditions of the experiment and are not determined independently. 
Therefore, it is perhaps more useful to consider the basic requirement 
as prescribing small relative kinetic energy, since it is often possible to 
control the rate of generation of kinetic energy through a suitable choice 
of the imposed energy sources.
In modeling planetary circulations it is also necessary to introduce 
geometric distortions as, for example, the almost inevitable vertical exag­
geration and the use of plane models to represent the spherical earth. The
 
first of these distortions is required to enable the viscous boundary layer 
at the bottom or top of the fluid to occupy only a small fraction of the 
total depth. For a rotating system it can be shown [1] that the boundary 
layer thickness is very much affected by rotation as well as by viscosity 
and is given by z — it \/v /C l , in which v is the kinematic viscosity. It 




if the vertical dimension of the model is used in R 0 and R. This new non-
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dimensional parameter, which specifies the relative depth of the viscous 
bounday layer has been called the Ekman num ber E k by Lettau (personal
com munication). It should be noted that Fultz [21 has defined ~  Ek2
R
as the “ Rotation Reynolds num ber” and many others have used the Taylor 
number T  S i E k4 .
The use of p lane or paraboloidal, rather than spherical, models is re ­
quired in all model circulations where density variations occur, so that 
equipotential surfaces will coincide with the “horizontal” surfaces of the 
models. At the low rotation rates and for the small dimensions which are 
generally  convenient in the laboratory, the equipotential surfaces are  nearly  
plane. The spherical shape is generally restricted to models employing 
uniform  fluids where (if a fluid is totally enclosed) the orientation of 
the equipotential surfaces is of no consequence. In such cases viscous 
boundary  layers are produced on both upper and lower surfaces, which 
adds a complication different from most geophysical situations.
The use of a plane model introduces an im portan t dynamic dissimilarity 
in addition to the more obvious geometrical distortion of a sphere. On the 
spherical earth  the direction of the rotation vector changes with respect 
to the horizontal direction, or, as it is more frequently thought of in geo­
physics, the normal (vertical) component of the Coriolis param eter 
(2ii sin <f> ) is a function of latitude. Thus from  Eq. (2 ) the geostrophic 
flow fo r  a given pressure gradient is a function of latitude on the earth 
but this is not so in a plane model where the vertical component of the 
rotation is 2fi at all points. The curvature of the spherical prototype enters 
also into consideration of the changes of the relative vorticity of parcels 
of f lu id  which move meridionally, but it will be shown in the ensuing dis­
cussion how this effect may be simulated in a particu la r  class of experiments.
Despite these and other awkward m odeling problems, laboratory  flows 
sim ilar to the m ajor  wind systems and large scale ocean currents can be 
produced. The requirements a re : (1) a f lu id  of low viscosity (relative 
to the dimension of the model) and (2 ) generating forces which have the 
same approxim ate geometrical arrangements and are of the p roper strength 
to produce a circulation with an appropria te  Rossby number. A m ajor 
difference between atmospheric and oceanic systems is the absence or p res­
ence of m erid ional barriers (the continents), and we may list a th ird  p r i ­
mary requirem ent (3) the general boundary conditions.
We will now survey briefly  some recent work with atmospheric models 
to illustrate the m anner in which these planetary  modeling criteria are 
applied. Following this, ocean models will be discussed to illustrate the 
sequence of their  development and eventual contribution to a modern theory 
of the ocean circulation.
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F i g . 1. R o t a t i n g  T a n k  f o r  M o d e l s  o f  A t m o s p h e r i c  C i r c u l a t i o n .
F i g . 2 .  D i a g r a m  o f  A p p a r a t u s  S h o w n  i n  F i g . 1.
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A n  A t m o s p h e r i c  M o d e l
Figure 1, an oblique photograph, and Fig. 2, a schematic diagram, 
illustrate the principal features of an atmospheric model which has been 
set up at the Woods Hole Oceanographic Institution. The tank consists of 
a copper plate I/4 in. thick and 7 ft. in diameter surrounded by a brass 
rim 6 in. high. This tank is supported by several leveling screws around 
the rim and by a cold-source tank beneath the center. Heat is provided 
near the rim by il lum inating the blackened bottom with incandescent spot 
lamps, and cooling near the center is accomplished by spraying water of 
constant tem perature against the under side of the plate. The aluminum 
frame, shown suspended, norm ally  rests on the rim and rotates with the 
tank. This fram e supports a glass cover, to eliminate undesirable energy 
exchange between the free surface and the environment, and also carries 
a number of resistance-wire elements, for measuring the zonally-averaged 
temperatures. The temperatures are recorded by photographing a panel 
of meters coupled to the resistance wires through a stack of slip rings.
0 6 20 5 6- 2  7 
A  =,0348 SEC"1
1492 WATTS HEATING 
NO COOLING
F i g . 3. T h i r t y - S e c o n d  S t r e a k  P h o t o g r a p h  I l l u s t r a t i n g  T y p i c a l  C i r c u l a t i o n  o n  
F r e e  S u r f a c e  o f  A t m o s p h e r i c  M o d e l .
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F i g . 4. F r o n t s  a n d  W a v e  C y c l o n e s  N e a r  B o t t o m  o f  A t m o s p h e r i c  M o d e l . 
I l l u s t r a t e d  b y  P o t a s s i u m  P e r m a n g a n a t e  D y e . ( R e a d  f r o m  T o p  L e f t  t o  
T o p  R i g h t  t o  C e n t e r  L e f t , e t c . )
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The free surface circulation is readily  observed in streak photographs 
of floating paper  particles. With the p roper combination of heating rate 
and rotation rate a pattern of water motion is obtained sim ilar to that at 
the tropopause level of the atmosphere. F igure 3 is a streak photograph 
showing the displacements of paper discs during a 30-second exposure, 
with a heating rate of 1500 watts, and a rotation rate ii  =  0.035 radians 
per second. In this instance the depth of flu id  was 10 cm and the cold 
source was not used; so that the flu id  warmed at a constant and uniform 
rate. The five-wave pattern is rather sim ilar to conditions found in the 
northern hemisphere, and the band of maximum velocities is of the same 
nature as the jet-stream circulation which flows from  west to east in a 
m eandering pattern.
Qualitative inform ation concerning the nature of the in terior circulation 
is generally  obtained through the use of dye tracers. Potassium perm anga­
nate crystals have indicated the presence of fronts and wave cyclones in 
an experimental arrangement sim ilar to that above [3 ] ,  where the plumes 
from the dissolving crystals indicated the flow at the bottom of the fluid 
and the eventual concentration of dye (after  about 10 revolutions) defined 
the regions of low-level convergence. An example of a circulation pattern 
analogous to the atmosphere is that shown in Fig. 4 which illustrates a se­
quence of events in a sector of the model. The time interval between photo ­
graphs is one revolution and the sequence proceeds from left to right and 
from top to bottom. The development of two waves may be seen on the 
principal front. The one in the center of the field of view reached occlusion 
rap id ly  while the cyclone near the bottom developed more slowly. Moving 
cold fronts, other than those in the principal fronta l system, can be seen 
in the upper left and upper right portion of each photograph.
More detailed studies of these models have revealed im portant areas of 
dissimilarity which require fu rther investigation. For instance the curvature 
of the earth  has a marked influence on the propagation rate of the p lanetary 
waves of the atmosphere but since a sim ilar situation is not physically pos­
sible in the plane model the waves move approxim ately with the mean zonal 
flow. Studies of the generation and dissipation of kinetic energy reveal that 
the time constant fo r  kinetic energy decay is of the order of one rotation in 
the model com pared to estimates of 20 days (rotations) fo r  the atmosphere. 
To explain this we may note that although the Reynolds num ber in the 
model was so great that viscosity did not interfere with geostrophic flow, 
the large difference in R  can account fo r  the excessive rate of dissipation 
of kinetic energy of the model. Since to a firs t approxim ation the rate of 
dissipation of energy m ay be regarded as proportional to the kinetic energy 
itself, it appears that an equality of Rossbv numbers could only have been 
achieved with a relatively large rate of generation of kinetic energy. As
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was pointed out in the earlier discussion, the experiments and theory to date 
have not specifically considered modeling the boundary  conditions but have 
relied upon our ability  to obtain an equality of Rossby numbers by empirical 
means.
A more detailed discussion of related work is available in the final re ­
port [2] of the Hydrodynamics Laboratory of the University of Chicago, 
which contains many reprints and a very complete historical bibliography.
O c e a n o g r a p h i c  M o d e l s
P robably  the first model built to represent the large-scale ocean circu­
lation was that made by Lassareff who was interested in the consequences
F i g . 5. P a r a b o l o i d a l  O c e a n  M o d e l  w i t h  V a c u u m -C l e a n e r  B l o w e r s .
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of continental distributions d ifferent from those of the present day. His 
experiments were perform ed in a stationary system so that neither the ef­
fect of rotation nor the combined effects of rotation and the curvature of 
the earth were present. On the basis of recent theories of the ocean circula­
tion by Sverdrup [5 ] ,  Stommel [6],  and Munk [7 ],  Arx constructed [8 ] 
a rotating model of the wind-driven ocean circulation. In essence the theories 
explained the swift flow of ocean water along the western boundary  of 
the oceans as a consequence of the change in the vertical component of the 
relative vorticity of fluid parcels moved meridionally  over the curved sur­
face of the rotating earth. To simulate the spherical nature of the earth, in 
so far as practicable in a laboratory model with a free upper boundary, 
experiments were first conducted in rotating paraboloids. The details of 
construction of the continental boundaries and an explanation of the opera­
tion of the model are given in an earlier publication [8 ] and a photograph 
of the experimental arrangem ent is shown in Fig. 5. The circulation was 
generated by wind stress; an appropria te  distribution of trade winds and 
westerlies being arranged through a combination of the relative motion of 
a ir  in the laboratory and the drafts of additional blowers.
The rotation rate (and therefore the time scale) f irs t used was the value 
of 12 at which there was a constant vertical depth between the free surface 
and the bottom boundary. These experiments showed almost a t once that 
the swiftly flowing currents at the western boundaries of the oceans, such 
as the Gulf Stream and the Kuroshio, could only be obtained when the ro ta ­
tion rate was somewhat higher than the equilibrium  value, that is when the 
depth of water at the equator (the rim ) was somewhat deeper than at the 
pole (the ax is).  This effect was explained qualitatively by Rossby (per ­
sonal communication) who argued that the curvature of the paraboloid 
simulated only in part the spherical shape of the earth and the variable 
depth introduced a divergence with radial motion of fluid which induced 
the necessary added change of relative vorticity to simulate that fo r  a full 
hemisphere. These arguments may be more readily understood with reference 
to the equation of motion as follows:
D isregarding friction fo r  the present and taking the curl of Eq. (1) 
we obtain the equation for the rate of change of the total vorticity
- ^  +  q a ( V - V )  = -  V p X V / > +  (q.* V ) V  (3)
at
where qa is the total absolute vorticity. If we consider only the vertical com­
ponent of Eq. (3 ) ,  we have, using Cartesian coordinates for simplicity,
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d  _ /3p  dp dp dp \
( £ + f i )  = -  ( £ + / i ) ( V 2 - F )  - (d i '  ~ \2 *  3y 3x/
dw , sdw , ,  \
+  i r + ( i + / , ) r  WO* 0y
in which |  , and £ are the components of relative vorticity in the x  (east­
w a rd ) ,  y  (northw ard) and z  (vertical) directions, respectively, and / j  =  
20  sin </> and f 2 =  20  c o s  <£ are the components of the planetary  vorticity in 
the z  and x  ¿¿rections, respectively. The various groups of terms in Eq. (4) 
m ay be identified as
Change of absolute _  Divergence _|_ Solenoid Tilting
vertical vorticity effect effect effects
Since we are mainly concerned here with a uniform  flu id  the solenoid 
effects vanish, and since vertical velocities are generally  very small, we may 
omit the tilting terms. Further, the planetary  vorticity f 1 is a function of 
la titude alone so that we may write
d£ deb d t  , _,
- = - W i H V x . r ) - + -  (5)
Thus we note that, apart from viscous processes, changes in the vertical 
com ponent of the relative vorticity of a uniform fluid occur by meridional 
m otion d<f>/dt and by horizontal divergence. The effect of a radial increase 
depth  is such as to produce horizontal divergence of the p roper sign to aug­
m ent the insufficient planetary  vorticity change of the paraboloid. By carry ­
ing this argument to its logical limit it was predicted [9] that, if  a plane 
model were constructed, the planetary  vorticity would be constant (f \  — 2 0 ), 
and the divergence associated with a radial increase in depth could be used 
alone to simulate the variation of the Coriolis param eter with latitude. F o l­
lowing Rossby’s [10] notation, this is often called the /3-effect. The first 
parabolic  model employed the gnomonic projection as an approxim ation to 
the p roper distribution of latitude circles on the paraboloid. Subsequently 
the theory provided a simple mathematical law for the projection of latitudes 
on flat-bottomed tanks; namely
/  1—sin <£ \  1/_
, £______zL  I
T * R  ~ \  e—1 )
in which R  is the radius of the equator ((f> ~ 0 ) ,  and r^ > is the radius of the 
latitude <j>. This equation is valid only for a p lane model with a rotation 
rate such that D R/ D 0 =  e; where D R is the depth at the equator and D„ is 
the depth at the center. On the basis of these criteria plane models were con­
structed [11] fo r both the Northern and Southern Hemispheres. F igure 6 
shows one of these models.
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F i g . 6 .  P l a n e  O c e a n  M o d e l — C o n t i n e n t s  C o t  f r o m  S p o n g e  R u b b e r .
I t hard ly  need be said that the favorable outcome of these experiments 
has lent considerable support to the hypothesis that the p rim ary  driving 
force for the surface circulation of the ocean is the wind stress; fo r  the 
simple model, with a uniform fluid and excited only by the action of the 
wind, can be made to reproduce the m ajor  surface currents of the ocean 
with surprising  fidelity. In nature these circulations are known to be inti­
mately connected with density gradients due to tem perature and salinity 
variations, and one cannot conclude on the basis of these experiments that 
thermo-haline processes are of m inor importance. For example, the cur­
rents of the deep ocean well below the main therm ocline layer have a rather 
d ifferent circulation pattern and appear to derive their  energy p rim arily  
from the density structure.
In reviewing the historical literature of theories of the ocean circulation, 
Stommel [12] noticed a deep-rooted sim ilarity  between various studies. 
In particu lar the theories developed by Hough [13] and Goldsbrough [14],  
which attempted to interpret the effects of evaporation and precipitation as 
energy sources fo r  the ocean circulations, were found to be sim ilar to the 
theories involving wind stress. This is because the action of a wind stress 
on the surface of a ro tating  flu id  is confined to a relatively thin layer [ 1] 
and the net transport of mass in this layer is 90° to the right of the wind
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stress. The effect of the average wind is to skim off the surface layer and 
to produce convergences and divergences of mass in much the same pattern 
as the sources and sinks of mass accompanying evaporation and p rec ip ita ­
tion over the earth.
These similarities taken together with other plausible physical mecha­
nisms, such as the necessity of rap id ly  flowing western boundary currents 
to satisfy continuity of mass in the oceans as a whole, become possible on 
the earth  only because of the /3-effect. This effect can be simulated in the 
plane model by a suitably chosen radial variation of depth. Another im ­
portan t consideration is the latitudinal variation im plicit in the geostrophic 
equation. From Eq. (2) it can be shown that the mass transport between 
any two isobars becomes greater with approach toward the equator and 
sm aller with approach toward the pole. This is to say, that meridional 
geostrophic currents develop divergence due to the curvature of the earth. 
Fortunately, the radia l variation of depth also stimulates this phenomenon. 
Thus the elements essential to test Stommel’s theory of the ocean circulation 
were present in the most simplified wind-driven model, and new experiments 
were proposed with more rigorously controlled sources and sinks of mass in 
place of wind stress and with sim plified boundary conditions.
F i g . 7. I d e a l i z e d  O c e a n  B a s i n  o f  6 0  D e g r e e s  W i d t h  w i t h  P r o v i s i o n s  f o r  
C o n t r o l l e d  S o u r c e s  a n d  S i n k s  o f  M a s s .
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W ithout attempting to provide more detail at this time one can see in the 
following photographs some of the rather surprising  circulations which have 
been found in the sim plified model. (For the mathematical development and 
a more complete physical description see [15].) F igure 7 illustrates the ex­
perimental apparatus, a 60° sector of the tank used for the atmospheric 
models. The sides of the enclosed sector were provided with slots fo r the 
introduction or extraction of mass. In certain other instances it was preferable 
to use a  small glass tube to introduce the colored source water at some point 
in the interior. The remaining equipment on the rotating table is a pum p and 
a constant-level tank for controlling the slow and steady flow of the source 
water. The rate of inflow was adjusted to 120 cc per  minute to obtain a 
Rossby num ber of the order of 0.001 in the western boundary  current, a value 
appropria te  fo r  the Gulf Stream system. Other conditions were R  =  100 cm, 
and Q =  1.0 rad ian  per second; the mean depth was 8 cm, and the depth at 
the rim was twice that at the center.
F i g .  8. P h o t o g r a p h s  a t  20, 80, a n d  220 M i n u t e s  a f t e r  I n t r o d u c t i o n  o f  D y e ,  
S h o w i n g  F l o w  f r o m  S o u r c e  ( S o )  t o  S i n k  ( S i ) .
Figure 8 illustrates the resultant circulation with the source in the eastern 
boundary  near  the pole and with the sink in the same wall near  the rim.
Because of the dominant constraints of rotation and the radial-variation 
of depth, the flow took the peculiar course directly across the tank to the 
western boundary, down the western boundary to the “ latitude” of the sink, 
and across to the eastern boundary where the sink was located. D isregarding 
secondary frictional circulations, radial flow in the interior is not permitted 
by the theory except in circumstances where a source or sink of mass exists. 
A case of this k ind is shown in  Fig. 9 where the source was situated a t the 
apex of the sector and all exits were closed to perm it the mean level of water 
in the tank to rise slowly. This rise of the mean water depth is equivalent 
to a distributed sink and according to the physical hypotheses the flow in 
the interior had to be radia lly  inward. To accommodate this constraint and 
to provide continuity, the source water flowed down the western boundary
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F ig. 9. P h o t o g r a p h s  a t  2 0 ,  60 ,  a n d  80  M i n u t e s  w i t h  S o u r c e  a t  A p e x  a n d  n o
E x t e r n a l  S i n k .
and spread radially across the rim before filling  the tank.
In Fig. 10 the source of mass was in the southwest corner and the sink 
wras at the pole. There were no interior sources or sinks and thus no radial
F i g . 10. P h o t o g r a p h s  a t  5 ,  10, a n d  2 0  M i n u t e s  w i t h  D y e  I n j e c t e d  T h r o u g h  
V e r t i c a l  G l a s s  T u b e  i n  S o u t h w e s t  C o r n e r  o f  T a n k  a n d  S i n k  a t  A p e x .
motion was permitted except at the western boundary  where a narrow  bound­
ary  current was observed. Such a current is somewhat sim ilar to the Gulf 
Stream circulation.
Finally , in the previous case the sink at the apex was closed (Fig. 11) ; 
consequently the water level rose and a uniform ly distributed sink developed. 
N orthw ard motion occurred in the in terior and a southward flowing boundary 
current was required to m aintain continuity.
I t is im portan t to note that these circulations were predicted on the basis 
of relatively simple physical notions b ejore  the experiments were actually 
perform ed, and they therefore constitute a highly satisfactory vertification of 
the theory. There is every reason to believe that these same principles apply  
to the ocean circulation and may be used to construct a picture of the gross 
circulation pattern  as Stommel has done [12], assuming certain sources and
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F i g . 11. P h o t o g r a p h s  a t  15 ,  3 2 ,  a n d  3 5  M i n u t e s  w i t h  C o n d i t i o n s  a s  i n  F i g . 10  
E x c e p t  W i t h o u t  E x t e r n a l  S i n k  a t  A p e x . P o t a s s i u m  P e r m a n g a n a t e  D y e  
f r o m  C r y s t a l s  I n t r o d u c e d  T h r o u g h  S l i t s  i n  G l a s s  C o v e r  S h o w s  
S o u t h w a r d - F l o w i n g  W e s t e r n -B o u n d a r y  C u r r e n t .
sinks of mass. Further, if the geometrical configurations of the model are 
sufficiently close to those of nature, one can draw analogies between the two 
situations and regard them as examples of model and proto type in  the m ore 
usual sense.
C o n c l u s i o n s
The wind driven model embodies the most realistic distribution of con­
tinental boundaries, and of sources and sinks of mass produced by Ekm an 
layer convergence, and, therefore, has resulted in the most realistic app rox i­
mation of natural ocean circulation patterns. The more simple model, on the 
other hand, is more readily amenable to mathematical description and is 
somewhat more versatile. For example, the physical situation of Fig. 9 m ay 
be regarded as an idealized model of the deep ocean circulation where a 
source of mass is present in the po la r  regions of the Atlantic ocean due to 
the sinking of cold saline water. To a first approxim ation we believe that 
this water eventually rises more or less uniform ly over the rem ainder of the 
ocean— a uniform ly distributed sink. The model verifies the theoretical antic­
ipation that there would be a southward flowing western boundary  current 
beneath the more obvious Gulf Stream. This circulation was subsequently 
observed in nature by a joint British-American expedition. Ingeniously con­
trived floats having neutral buoyancy at a level deep beneath the rap id ly  
flowing Gulf Stream were tracked by ship for several days to obtain con­
clusive evidence of this circulation [16].
In  some branches of flu id  mechanics it is practical to construct la b o ra ­
tory models, which are both geometrically sim ilar and satisfy the pertinent 
non-dimensional modeling criteria, to produce circulations which m ay be 
directly interpreted in terms of the prototype. This is fa r  from the case fo r  
models on the p lanetary  scale where geometrical distortions are unavoidable 
and other difficulties occur in abundance. In the present stage of develop-
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ment the relationship of model to prototype must be made more through 
theoretical interpretation than through direct comparisons with nature.
The development of oceanographic models, initia lly  undertaken on rud i­
m entary physical bases, has contributed to the development of sound physical 
concepts. These concepts have been fed back into simplified models which 
in turn have served both to verify concepts and promote their application to 
theoretical studies of full scale geophysical processes.
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D i s c u s s i o n
W allis H amilton asked why, since gravity appeared unim portant in this 
type of model, the modeling should not be done between spherical surfaces. 
The speaker replied that gravity should not be considered unim portant, ex­
cept insofar as modeling the Froude num ber is concerned because of the 
absence of vertical accelerations or gravity waves, but that it is im portant 
in atmospheric models which deal with density differences. Experiments 
have been perform ed between spherical shells but the stress on the outer 
surface must be considered, and there is no simple way of generating circu­
lation com parable to blowing air  over the free surface to provide controlled 
stresses on it. In any case, the spherical shape would not contribute much to 
the experiment.
James Dailey commented that the experiments described by the speaker 
involve phenomena sim ilar to friction between a stationary and a rotating 
disk with oil between them. Disk experiments have been perform ed at M IT 
using oils. The secondary motion and the expression for the Ackerman 
boundary layer thickness are the same that the rotating-disk boundary-layer 
theory brings out. He inquired if the speaker had looked into that literature 
or made any comparisons with flow between disks. The speaker said that 
he had not but that the same phenomenon is an explanation of the so-called 
“ tea cup” effect. When water is stirred in a cup there must be flow toward 
the rim while the flow is being accelerated and this occurs p rim arily  in the 
boundary layer at the bottom where the viscous effects cause the outward 
flow. Then as the flow slows down, there is an inward flow in the bottom 
boundary layer essentially because of viscosity.
Chesley Posey inquired about duplication of known patterns or discovery 
of unknown patterns in the field of atmospheric circulation. The speaker 
replied that the modeling is not sufficiently exact to discover any new pa t ­
terns because the atmosphere has been fairly  well explored. Some experi­
ments were done and the patterns noted but nobody recognized them for 
what they were. Had their significance been recognized the jet stream circu­
lation would have been known about much sooner and without so many 
upper-air observations. Although there have been no predictions made as a 
result of experiments with atmospheric circulation, the experiments have 
helped greatly  in the theoretical analysis of the equations of motion as a p ­
plied to atmospheric phenomena.
Wallis H amilton commented on the fact that the equation presented was 
for a lam inar boundary  layer which does not seem right for atmospheric 
flow although it m ight be correct in the oceans. The speaker said that this 
was an im portant point. The basis for the modeling is the fact that in the 
atmosphere there is a large eddy coefficient and in the model there is a
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m olecular coefficient of viscosity. Only if a comparison is made between the 
eddy coefficient and the molecular coefficient can one obtain a boundary 
layer of the same relative thickness. In the atmosphere the boundary  layer 
is on the order of 500 to 1500 feet thick. This is about one-tenth the signifi­
cant thickness of the atmosphere. It is modeled by m aking the depth  of the 
viscous boundary layer about one centimeter in a total depth of ten centi­
meters. Similarly  in the ocean circulation, at the rotation rates used in the 
model, the depth of the boundary layer will be one m illim eter to three 
millimeters and this approxim ately models the thickness of the boundary 
layer in the ocean.
James Dailey supplemented his previous comment with the statement that 
the secondary motion in rotating machinery, in general, is related to this, 
and that the sim ilarity  goes beyond simple disk-friction applications.
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THERMAL DENSITY UNDERFLOW  DESIGN AND EX PERIEN CE
R e x  A. E l d e r  
Tennessee Valley Authority
I n t r o d u c t i o n
Since 1952 the Tennessee Valley Authority has designed and built two 
structures and assisted in the design of a th ird  structure which perm it with­
drawal of cold bottom water from  therm ally  stratified reservoirs. These 
structures, which have been termed “ skimmer walls,” were built at TVA’s 
Kingston [1] and G allatin Steam P lan ts  and at AEC’s Oak Ridge facilities. 
The Gallatin p lan t is located on the Old Hickory Reservoir of the Cum ber­
land River approxim ately  20 miles northeast of Nashville, Tennessee; the 
Kingston and Oak Ridge facilities are on the Clinch River arm of the Watts 
Bar Reservoir approxim ately  30 miles west of Knoxville, Tennessee. The 
flows through each of these reservoirs, during the summer months, are con­
trolled, not by natura l runoff, but by releases from  high-head storage dams 
located upstream. Since these storage dams release cold water during the 
summer months, the reservoir flows become therm ally stratified and nor­
m ally  the flows pass through the reservoir as stratified underflows. A
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complete description of these phenomena was presented in a paper  at the 
Minnesota International H ydraulics Convention in August 1953 [2 ] .
At installations such as steam-generated electric power plants, where 
cold water results in actual financial gains, a  skimmer wall structure such 
as shown in Fig. 1 has been proven effective in preventing essentially all but 
the cold bottom waters from  being drawn into the intake pum ps [1 ] ,  The 
Gallatin and Oak Ridge skimmers were built on the reservoir banks and
thus draw their water directly from  the passing underflow. The Oak Ridge 
installation has the pum ps directly downstream from  the wall and is shown 
in elevation in Fig. 2. The Gallatin design placed the pum ps at the end of 
a 2600-foot canal as shown in Fig. 3. The bottom of this canal is 16.5 feet 
above the top of the wall opening. The Kingston installation is considerably
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F i g . 4. L o c a t i o n  M a p — K i n g s t o n  U n d e r f l o w  D i v e r s i o n  W o r k s .
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more complex than either of these two, as can be seen from Fig. 4 which 
show's the general layout of the project and Fig. 5 which shows the skimmer 
wall and diked-off channel. The underflows are diverted up 1.8 miles of 
the Emory River channel to the skimmer wall site by means of an underwater 
dam at Mile 3.8 on the Clinch River [1 ] ,  After passing through the wall,
F ig . 5. K i n c s t o n  S k i m m e r  W a l l  a n d  S w a n  P o n d  D i k e .
the flow goes into a one-mile channel whose bottom is 5 to 10 feet above the 
top of the wall opening.
At the time these designs were conceived, very little information was 
available on the diversion of density underflows through a submerged wall 
opening. TVA had available a large num ber of field measurements of the 
flow of thermal density currents obtained in Watts Bar and Fort Loudoun 
Reservoirs. An analysis of these data indicated that, in reservoir channels 
such as those at the project sites and for therm al stratifications of the m agni­
tude expected, a relationship exists between the maximum velocity a t which 
density underflow can occur and the depth of the underflow [ 1].
A second item of data available from the TVA field  measurements was 
that, at water intakes, the velocity in the intake could be double the under­
flow velocity without breaking the stratification and pu lling  in w armer over- 
lying waters. Velocities greater than double appeared to break the stratifi­
cation.
These two field data relationships were used in establishing the prelim i­
nary  design fo r  the three projects. The designs were then checked and found 
to be adequate by the prelim inary  results from  a series of studies sponsored 
by TVA at the Massachusetts Institute of Technology, Hydrodynamics
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F i g . 6 .  S l u i c e  C h a r a c t e r i s t i c s  a t  I n c i p i e n t  D r a w d o w n .
Laboratory. M IT later am plified these studies and in 1958 published a final 
analysis of the laboratory  data [3 ] .  F igure 6 reproduces the M IT curves 
fo r  the relationships which exist at the poin t of incipient drawdown, i.e., the 
point where the lighter overlying water starts to be drawn through the 
opening. ( Vj, ) ;  is the velocity through the wall opening at the incipient 
drawdown point and g '  =  g A y /y  where A y is the difference in specific 
weights of the fluids in the two strata and y  is the specific weight of the 
lower fluid, a  is the kinetic-energy correction factor.
P e r f o r m a n c e  C h a r a c t e r i s t i c s
This paper  presents data to show how each of the three skimmer wall 
structures has perform ed and how the actual perform ance agrees or dis­
agrees with the design criteria obtained from  the M IT data. Specific p ro b ­
lems associated with the use and operation of these structures are also cited.
Kingston
The perform ance of the Kingston installations, shown in Figs. 4 and
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be summarized by Figs. 7 and 8. The underw ater dam had not been built 
in 1955; therefore, in that year the pum p forebay tem perature ran several 
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the available cold Clinch water could not be obtained. The 1957 record, 
Fig. 9, is also worth presenting, since the N orris releases were considerably 
sm aller and, as a consequence, on several occasions the cold underflows 
were insufficient to supply  the condenser demand. The periods of the first 
part of July , the end of Ju ly  and the firs t of August, and the end of Sep­
tember constitute specific examples of insufficient Clinch River flow to 
m eet the demands. The Clinch River underflow tem perature is not shown 
in Fig. 9 since the underw ater dam results in full use of the Clinch flows 
as can be seen from  Fig. 8.
A 6-point tem perature recorder is maintained at Emory River Mile 1.8, 
as shown in Fig. 4, to monitor the tem perature profiles immediately up ­
stream from the skimmer wall.
Com parison of the tem perature profiles of Ju ly  6, 8, and 10, with July 
4, and 12, Fig. 10, shows conclusively tha t the rising intake temperatures 
were due to depletion of the cold waters. The cold bottom waters of July
4, were those released from N orris on June 30, and Ju ly  2. On Ju ly  3, 4, 
and 5, essentially no releases were made a t N orris and, as a consequence, 
the Kingston demand continually  depleted the cold water from Ju ly  6 to 
10. The increase at N orris on Ju ly  6, showed up at Kingston four days 
la ter and by Ju ly  12, fu lly  stratified underflow withdrawal was again occur­
ring.
It is interesting to note that in July, when large top-to-bottom tem per­
a ture differences existed, N orris discharges essentially equal to or only 
slightly greater than the 2310 cfs condenser demand resulted in perfect 
underflow withdrawal. However, as the tem perature differences decreased, 
the withdrawal approached the incipient drawdown stage. The profiles of 
October 8, 10, 12, 14, and 16, Fig. 10, show that fo r  com parable or even 
somewhat higher discharges than those that gave nearly  perfect withdrawal 
on Ju ly  4, and 12, but with lower top-to-bottom tem perature differentials, 
the withdrawal was essentially a t the incipient drawdown stage.
When the idea of bottom withdrawal of therm ally  stratified water was 
first considered, one of the problem s which arose was the degree of sta­
b ility  that could be expected. With the incoming underflow rate varying 
alm ost continually  and with possibilities of rather sudden shifts in the 
withdrawal rate due to unit shutdowns, the question of stability of stratifica­
tion seemed significant. Soon after the Kingston p lan t was placed in nearly 
full operation, a test was run  to determine the effect of starting and stopping 
one unit. No effect could be ascertained. Additional p roof of stability is 
seen in the operational results shown in Fig. 8 . These data conclusively 
prove that stability of underflow is no problem  since, within the limits 
of instrum ent erro r  and local heating and cooling effects in the 5000-foot 
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flow and intake temperatures are identical. Actually, the underflows are 
rem arkably stable as can be seen by the profiles for August 2, 3, 4, 5, 
and 6, Fig. 11. The slight decrease in  the upper water temperatures on 
August 5, and 6, was due to a rain  which produced surface cooling and a 
relatively small Emory flow at about 80-82° F. Recognizing this factor, 
it can be seen that the large variations in underflow conditions had no 
effect above elevation 722.
Gallatin
The Gallatin system was designed to provide water for five 250,000-KW 
generating units. To date only two of the units have been placed in opera­
tion; therefore, no data are available on perform ance at or near capacity. 
The efficacy of the design fo r  reduced discharges is shown by the 1957 
perform ance data of Fig. 12.
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Due to the reduced discharge operation, the Gallatin system has not 
been studied in detail. However, field tests made in mid-July 1957, re ­
vealed one interesting factor. At the time of the tests the Cum berland River 
discharges were fairly  high and, as a consequence, the duck-under point,
i.e., the upstream point where stratification starts, was in the immediate 
vicinity of the project. F low conditions were not clear cut and no definite 
duck-under point could be established. Actually, large cells of hot or cold 
water existed at random over a mile or more of the river length. The hot 
water cells were up to 20 or 25 feet in depth. Since the top of the skimmer 
wall opening was 31 feet below the surface, no detrimental action occurred. 
It would appear that operation in the vicinity of the duck-under point may 
be more difficult to predict than that in locations where definitely stratified 
flow exists.
Oak R id ge
The Oak Kidge skimmer was built p r im arily  because of a local artificial 
stratification condition. A large steam-generated electric p lan t is located 
1.7 miles upstream from  a cooling-tower make-up water inlet. The steam- 
p lan t condenser cooling water is discharged into a small tr ibu tary  stream 
1.1 miles upstream from its mouth. The mouth of the stream in turn is 0.4 
mile upstream from the make-up water intake. The condenser effluent 
is 12 to 18 degrees hotter than the normal river flows; therefore, it flows 
back into the river as a top stratified flow. Thus, during  all periods of the
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year, stratified flow exists at the make-up water site. During the summer 
months the duck-under point for the cold N orris releases norm ally would 
be downstream from this site but for low releases may be upstream from it.
F igure 13 shows the 1957 data available on operation of the Oak Ridge 
intake. This intake operates continually  at essentially design capacity. The 
1957 data prove therefore that with the norm al summer pool which ranges 
from elevation 740 to elevation 741, the skimmer wall successfully draws 
directly from  the passing underflow. Comparison of Fig. 13 with Fig. 9 
will show the temperatures of the flow into the Oak Ridge and Kingston 
intakes to be identical.
M o d e l - P r o t o t y p e  C o m p a r i s o n
Comparisons of field data with the M IT laboratory  data can only be 
obtained for the Kingston project since the Gallatin intake has never op ­
erated near design capacity and insufficient field data are available for the 
Oak Ridge intake.
At Kingston a 6-point temperature recorder has been located at Emory 
River Mile 1.8, see Fig. 4, since inception of the design and a single-point 
recorder in the pum p intake forebay since the p lan t has been in operation. 
These two installations make it possible to study the Kingston perform ance 
for comparison with the model data. It is im portant to la ter discussions of 
the data to note that the two tem perature recorders are located over a mile 
apart and further to note that, for most of the distance, the incoming water 
flows in an unstratified manner.
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Thermal density stratification produces a much more complex stratifica­
tion pattern  than did the chemical densities used in the M IT studies. In 
place of a nearly  sharp interface, the therm ally  stratified medium has grad ­
ually changing “ interfaces.” The tem perature profiles of Fig. 10 show this 
clearly. As a consequence, a clear-cut, definite comparison of the Kingston 
operational data with the laboratory  data is essentially impossible. How ­
ever, an approxim ate method was developed which produced some interesting 
comparisons.
Referring to the profile  fo r  Ju ly  4, this method can be described as fo l­
lows: It will be assumed that the flow velocities approaching the skimmer 
are uniform throughout the underflow section and that the width is con­
stant throughout the flow depth. Both of these assumptions were found to 
be essentially true by field measurements. On the basis of these assumptions, 
the average intake tem perature can be computed by averaging the temperature 
over the flow depth. Therefore, the flow depth, which is to be termed h t , 
will be computed by determining the depth at which the average underflow 
tem perature equals the measured pum p forebay intake temperature. As can 
be seen in Fig. 6, the value of l i t will be equal to h r at the incipient draw ­
down point. A plotting of h t/ b  vs. F, where
F  = and g'  =  g  —
\ 'g 'b  y
and the other symbols have been previously defined or are shown in Fig. 
6. should therefore produce some form of model-prototype comparison p ro ­
vided the type of flow for each prototype point can be identified. Since the 
temperature-profile data give a reasonably clear indication of the type of 
flow, only a method of com puting the Froude param eter F  must be de­
veloped. The steam p lan t records can be used to find the total num ber of 
pum ps operating at any specific time. This knowledge allows calculation 
of Fj. To obtain g'  , specific temperature values for the underflow and for 
the stagnant overlying waters are required. These can be developed from 
the Mile 1.8 tem perature profiles by arb itra rily  assuming that the tem pera­
ture for the underflow will be the temperature of the most nearly  vertical 
portion of the underflow profile. As an example from the profiles of Fig. 
10, on July 4, t  will be taken as 73.7° F  and for Ju ly  6, t equals 68.5°. The 
tem perature for the stagnant layer will be assumed to be the average above 
h t . Using temperatures taken from the field data on these bases, the values 
of Ay/y and thus g ’ can be calculated.
The tem perature profiles can be broadly  cataloged into three character­
istic types of inflow patterns into the skimmer wall openings; drawdown 
flow in which the warmer overlying waters were definitely mixing with the 
cold bottom waters; incipient drawdown flow in which the w armer waters are
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just barely mixing; and isothermal underflow in which no warm water is 
drawn through the wall. The profile of Ju ly  8, il lustrates the drawdown 
case, and the profiles of October 8, and 10, represent the incipient draw ­
down case (see Fig. 10). The Ju ly  4, p rofile  is a typical isothermal under­
flow type.
Values of h f / b ,  F, and flow type were determined for 56 trial periods 
taken at 2-day intervals during the summ er and early  fall of 1957. This 
period was chosen since each of the three basic types of flow, i.e., draw ­
down, incipient drawdown, and underflow, occurred frequently. The calcu­
lated data are plotted on Fig. 14. Since h t is equivalent to h r of Fig. 6 at 
the point of incipient drawdown, the curves of Fig. 6 should delineate the 
division between the points of drawdown flow and isothermal underflow. 
The points of incipient drawdown flow should lie along the curves. Only 
the curves for the kinetic energy correction factor a  equal to 1.0 , 1.1, and 
1.2, are  shown since the prototype values should be within this range. On 
Fig. 14 the drawdown points should be expected to fall to the left of the 
curves and the isothermal underflow points to the right of the curves.
At firs t examination, the prototype comparison did not appear  very good. 
However, after study it was found that all of the points representing the 
isothermal underflow condition which are to the left of the curves occurred 
during periods of very high air  temperatures and solar radiation values. 
This condition would result in heating of the flowing water as it passed 
through the channel from the skimmer wall to the pum p intake forebay. 
Since the intake tem perature was measured at the pum p intake forebay, 
the tem perature applied to the profile  data must be corrected for any in ­
crease occurring after the inflows pass the skimmer wall. An exact correc­
tion to the recorded intake tem perature value cannot be m ade due to lack 
of complete data, but estimated corrections indicate that each of these points 
would shift below the curves if the intake temperatures were corrected for 
the increase which must occur in the 5000 feet of channel. A sim ilar reason­
ing applied to the incipient drawdown points lying to the left of the curves 
can shift all but three of the points into the general region of the curves. 
The incipient drawdown points lying to the right of the curves and 
form ing a reasonably good curve in themselves were found to have oc­
curred during periods when the air  temperature, incoming solar radiation 
and evaporative heat losses would be expected to decrease the tem perature 
of the water in the 5000-foot channel. Again, estimated corrections would 
indicate that all the points except the one at F  =  1.84 belong in am ong the 
three curves. W ith these interpretations to the prototype data, it appears  
that good agreement exists between the laboratory  and proto type data and 
that the curves of Fig. 6 can be used with confidence in designing intakes 
for the complex case of therm ally  stratified flows.
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O p e r a t i o n a l  P r o b l e m s
In  general, the skimmer wall structures and their related canals have 
perform ed as well or better than the most optimistic predictions made for 
them. However, three possible sources of troubles arising from such struc­
tures have shown up. At Kingston a very m inor secondary benefit arises 
due to the skimmer wall norm ally  excluding any surface waters im pounded 
in the Emory River arm of the reservoir. The Emory waters are almost a l ­
ways warmer and furtherm ore they may contain wastes discharged from 
a paper  mill some 9 miles upstream from the skimmer wall, and it is, there­
fore, advantageous to exclude them from  the plant. On rare  occasions d u r ­
ing a cold winter, the Clinch River flows may drop below 40° F, while 
the im pounded Emory flows will drop to about 40° F. Since 40° water is 
denser than water below 40°, the warmer water will drop to the bottom tak ­
ing the paper mill wastes with it and thus allow the wastes to be drawn 
into the condensers.
At G allatin a potentially  more im portant problem  is presenting itself. 
Over the past year from  1 to i y 2 feet of silt has been deposited on the floor 
of the intake channel, upstream from the wall, under the wall, and down­
stream from the wall. W hile the present intake velocities are extremely low, 
the Cum berland River carries a considerably heavier silt load than does 
the Clinch arm  of the Tennessee system, so silting at Gallatin and not at 
Kingston could be expected. These data indicate that some maintenance 
on this type of intake may be required at locations where silt is prevalent.
Although field data are meager both from the Gallatin and Oak Ridge 
installations, they show indications that structures located immediately be­
low the point of formation of a stratified flow may be in a zone where fully  
stable stratified flows do not always occur. The data on this action are cer­
tainly inconclusive but until more complete data are available, such sites 
should be studied very carefully.
C o n c l u s i o n s
1. Over five structure-years of operation with three skimmer walls have 
definitely proven that this type of structure is highly effective in making 
all of the colder bottom waters available.
2 . The skimmer wall operation is equally  effective whether the water 
is drawn directly from the river or through a side canal before entering the 
skimmer wall.
3. The skimmer wall operation is also equally effective whether the 
water passes from the wall directly to pum ps or flows through channels 
at considerably higher elevations than the top of the wall opening and of 
considerable length.
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4. The model data of Fig. 6, when p roperly  applied, can be expected 
to produce a satisfactory hydraulic  design fo r  a skimmer wall opening.
5. Silting may present a maintenance problem  in regions of high silt 
load in the streams.
6. If  the skimming action is to be used the year around and water tem per­
atures below 40° F can be expected, the problem of the waters at 40° be­
ing more dense than those below 40° may require consideration.
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D i s c u s s i o n
D onald H arlem an thanked the speaker fo r  correlating the extensive field 
data with the M IT laboratory  studies and pointed out that the curves on 
Figs. 6 and 14 were derived analytically and not experimentally. The analytic 
expressions were derived in order to predict the point of incipient drawdown, 
and then laboratory  tests were made to see if the analysis was any good. 
The laboratory  tests, however, were on an extremely small scale with only 
lam inar or maybe very-low-Reynolds-number turbu len t flows. F or that 
reason the analytical expression on which Fig. 6 is based had as one of its
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variables the term a  which is a kinetic energy correction factor applied to 
the velocity head derived from the mean velocity at the gate. This factor 
varied from 2 which would be expected to be true for lam inar flow to 1 
which would be approached in turbulent flow. The laboratory study verified 
the high values of a  , that is, near 2 and 1.5 so that confidence could be felt 
in the lower values of a  derived from the same analytical expression. In 
this particu lar case neither analytical work nor laboratory work alone would 
have been satisfactory. A way of predicting the change between the labo ra ­
tory results and what might be expected in the field was needed.
Norm an Brooks inquired if h r as shown on Fig. 6 was the actual depth 
of the cold-water flow or if it was the depth of incipient flow determined 
from the M IT curves. The speaker replied that actually these are the same 
thing since the laboratory varied the depth of the dense underflow  (h r ) 
until the depth reached the point of incipient drawdown. However, h r did 
not have to be the depth for incipient drawdown. Its real definition is the 
depth of the available understratum. In reply to a further  question as to how 
h t , the flow depth, could be less than h T , the speaker said that it might be 
a matter of definitions and assumptions. He said that mixing definitely did 
not occur once the d raft started on the overlying water. That did not occur 
in the laboratory even with two very definite strata. In nature there was no 
such definite interface between layers of different tem perature hence it 
was necessary to make some assumptions in order  to make any comparison 
at all. The questioner then remarked that the limiting stream line could 
not pass through the middle of the opening in the skimmer wall. The speaker 
replied that it was quite conclusive that all of the available cold water was 
being drawn into the intake channel.
Maurice Albertson said that in diversion of water for irrigation clear 
water is desired instead of sediment laden w ater; so an effort is made to 
divert the water at the outside of the bend so as to take advantage of the 
secondary flow that moves the sediment across the bottom on the inside of 
the bend. He inquired if the stratification was strong enough to cause a 
similar condition that would help move the cold water. The speaker replied 
that the cross-sections at the Kingston p lan t showed a definite slope across the 
bend, but that there are many factors involved. For example, even with 15° 
or 20° F difference between top and bottom the effect of gravity is about 
0.005 fps2; so that although it is definitely possible that the cold water rolls 




SCALE-MODEL W IND-TUNNEL STUDIES ON
A TM OSPHERIC-DIFFUSION PHENOMENA 
G o r d o n  H. S t r o m  
New York University
I n t r o d u c t i o n
D uring recent decades an increasing num ber of scale-model wind-tunnel 
investigations has been directed to problem s of atmospheric diffusion. The 
great m ajority  has dealt with specific applications, usually in the field of 
air  pollution. Although the investigations generally lack the approach d i­
rected to the fundamentals of diffusion phenomena and necessary modeling 
techniques, the need fo r  accurate results has often led to im portant develop­
ments.
Most past wind-tunnel investigations on a ir  pollution have concerned 
large industrial plants, often steam power plants. Results of such investiga­
tions are used in making decisions involving plan t design or modification 
of considerable economic significance. With this status of model studies, one 
might expect to find a considerable amount of verification data on accuracy 
of model experiments, but such is not the case. On the contrary, there is a lack 
of such data. The situation is, fortunately, not as dark as it may seem. There 
is a background of experience which shows satisfactory results without 
yielding specific confirmatory data.
Most scale-model diffusion studies have dealt with cases dominated by 
air  motions originating at large physical obstructions. Air turbulence and 
patterns of mean motion produced by buildings, topographical features and 
other objects were the im portant features. Thermal and air-viscosity effects 
were of secondary importance. Success has been due at least in part to this 
simplicity.
Past studies also often have been of the semi-quantitative type insofar 
as diffusion characteristics are concerned. Only geometric features of gas 
plumes were determined. These may be sufficient for some purposes; for 
others they may be used in conjunction with gas-diffusion theories to ob­
tain estimates of concentration characteristics. Improvements in gas con­
centration instruments have made feasible measurements of gas-concentra- 
tions directly in model experiments sim ilar in form to those obtained in full- 
scale studies. With increased knowledge on tolerance levels fo r various 
atmospheric pollutants concentration measurements are becoming more valu ­
able.
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tScale-model diffusion experiments on gaseous effluents from stacks 
involve control of source characteristics as well as of atmospheric variables. 
The m ajor influence of source characteristics is on the path of a gas plum e 
although the jet action induces turbulence which affects diffusion. The 
two significant source variables in addition to geometry are gas ejection 
speed and density or their equivalents in terms of other variables. Control 
of density is a more recent development and is sometimes omitted because 
of the added experimental complications and its lesser im portance under 
some conditions such as high wind speed.
The size of modeled regions has been on the order of a few miles down­
wind of the source. Some increase may be expected but will be limited by 
larger-scale thermally-induced motions which have not as yet been modeled. 
The larger scale motions will not be considered in this paper.
S c a l e  F a c t o r s  a n d  M o d e l i n g  P r o b l e m s
Modeling of simple diffusion sources, i.e., cases in which the source 
does not affect the diffusion pattern, are p rim arily  problem s of modeling 
atmospheric motions. Owing to the num ber of variables involved, modeling 
of atmospheric motions can lead to so many scale factors as to make the 
problem  extremely difficult if not impossible to manage. In  common with 
other fields of modeling, a selection must be made as to which variables 
are significant to a particu la r  case, or, more realistically, it m ust be de­
termined which types of atmospheric motions are capable of being modeled. 
In  cases of complex source characteristics, the modeling problem  is fu rther 
complicated with additional scale factors resulting from  source variables. 
An extensive list of source and atmospheric variables is given in [ 1],
The various scale factors discussed here will be presented on the basis 
of a dimensional analysis with the selected variables. Some atmospheric 
variables fo r which modeling techniques are not as yet fu lly  established 
are included along with those common to successful investigations. There 
are some obvious omissions of physical variables which will be discussed 
later.
The concentration x in a gas plume is assumed to be
X = f [ x ,  h s, h b, Q, p8, V s, u, Uq, p, A { d p / d z ) ,  g,  8] (1)
in which the variables are defined as follows:
X gas concentration at a given location downwind of the 
source, mass per unit volume 
x  distance downwind of source 
h s height of stack above ground 
hj, height of building
Q source emission rate, mass per unit time 
ps mass density of effluent
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V s effluent ejection speed 
u  wind speed at a given elevation
u 0 free-stream or reference wind speed above boundary  layer 
p mass density of a ir  at a given elevation 
g  acceleration due to gravity 
8 thickness of boundary layer 
and A ( d p / d z )  difference between actual air-density gradient and ad ia ­
batic density gradient.
The variables are shown schematically in Fig. 1. x  denotes downwind dis­
tance at which concentration x is taken, generally  at ground level. For 
specific crosswind locations and other elevations, additional coordinates 
could be introduced but they would only confirm  the requirem ent fo r geo­
metric sim ilarity which will appear  in the dimensional analysis. Additional
F ir . .  1. A t m o s p h e r i c - D i f f u s i o n  V a r i a b l e s  f o r  a  G a s  P l u m e .
dimensions will obviously give a m ore complete specification of configura­
tion including position relative to wind direction but will no t introduce 
new features in the results.
Q, ps, and V s are  stack effluent variables determined by the source.
u, u 0, p and A ( d p / d z )  are  atmospheric variables; A ( d p / d z )  and u  (vari­
able with elevation) have generally not been controlled in scale model 
experiments but must be introduced in any advanced developments of the 
future.
The following equation m ay be formed by dimensional analysis. The 
dimensionless concentration ratio -)(u82/ Q  is here taken as a function of 
the remaining dimensionless g ro u p s :
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The various dimensionless groups must be m aintained at the same value 
in the model as in the atmospheric proto type fo r  p roper modeling of the 
various physical phenomena. They may be used to form  various scaling 
equations which relate model-test variables to their full-scale counterparts.
The first three dimensionless groups x / 8  , h s / 8 , hj ,/8, and other sim ilar 
ratios which could be formed from additional dimensions require geometry 
to be preserved between model and prototype. This includes wind direction, 
as well as configuration of structures, surface features, etc. A lthough any 
linear dimension could be used as the common reference, boundary-layer 
height 8 is here used to emphasize the atmospheric characteristics, even 
though geometric sim ilarity of boundary-layer height has not been m ain ­
tained in past scale model experiments. In the usual application having 
no control of boundary  layer, 8 may be taken as an arb itra ry  reference 
dimension having a fixed ratio to a reference dimension of the rigid model 
such as stack height in a stack-gas diffusion problem.
The fourth, fifth and ninth groups on the right side of Eq. (2) deal 
with characteristics of the source. These cover the usual case of stack gas 
with density different from the am bient atmosphere. Q / p sV sS2 is unneces­
sary if the requirements of geometric sim ilarity  include stack-exit cross 
section since S2 will then be proportional to exit area.
In some experiments ps/p  and V s/ u  have been combined to form 
psVs2/ p u 2 . This group may be interpreted as the ratio of momenta changes 
in the emitting gas and ambient airstream and appears to be a suitable 
requirement for sim ilarity  in shape of gas plum e near the source. For 
greater downwind distances the effects of upw ard velocity V s and plume 
density ps cannot be so combined, if  there is appreciable density effect.
The three dimensionless groups u 02/ g 8  , u / u 0 , and 8 A ( d p / d z ) / p  
concern atmospheric variables. The Froude num ber u 02/ g S  , which arises 
because of gravitational action on fluid elements of differing density, de­
termines the reference speed at which the experiment m ust be conducted. 
Since this speed must be proportional to the square root of linear scale, 
model-test speeds become extremely low. They are generally below 5 fps 
for model scales norm ally  encountered, and lead to much difficulty in 
wind tunnel design and operation because of the occurrence of undesired 
convective a ir  motions.
Another form of Froude num ber is used in some flu id  model experi­
ments where gravity plays a part. It includes fluid density characteristics 
and allows selection of speed by change in density. Use of this form  of 
Froude num ber does not seem to have been investigated fo r  gas diffusion
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experiments. It does not offer much advantage fo r  stack-gas experiments 
since gas densities are already so low that additional reduction is d iffi ­
cult to achieve. Furtherm ore, this form of Froude num ber does not satisfy 
the momentum relationship which appears significant near the stack exit.
u / u 0 and 8A ( d p / d z ) / p  determine the vertical profiles of a ir  velocity 
and density. Control of these characteristics in a scale model introduces 
features which distinguish meteorological wind-tunnel modeling from  other 
types of aerodynamic experiments. The significance and effective app lica ­
tion of these particu lar forms of scale factors remains to be established, 
but they are at least a starting point fo r an im portant aspect of atmospheric 
modeling. To suggest that a velocity profile  be adjusted to fit selected 
profiles of the atmosphere in accordance with the requirem ent u / u 0 may 
seem absurd in view of the well established velocity profiles fo r  f lat plates 
which follow other relationships. Rough surfaces may, however, on further  
exploration yield the kind of control needed. There is a suggestion of this 
form of action in some published results fo r  rough surfaces when viewed 
in light of the logarithmic equation fo r  fu lly  turbu len t flow over rough 
surfaces (see for example Eq. 3.44 of [2 ] )
u /u *  =  (1 /k )  In ( z / z 0) (3)
in which k is the Karman constant, z 0 is roughness length and u* the friction 
velocity which is related to surface shear stress r 0 by
M* = V To/p 
In terms of the free stream velocity u 0
T0 = C,pUn2/ 2
From the above equations
u* =  \ / C f / 2  u 0 
and on substitution into Eq. (3)
u / u 0 -  ( V Q / 2 / k )  In z / z 0 (4)
When experimental results on shear stress presented in [3] (Figs. 1 
and 4 of Chapter V) are replotted, the following equation gives a satisfactory 
fit:
C f  = B [ In  ( i / e ) ] '2 (5)
where B  is a constant, 1 the length of plate or body, and e the grain size 
of surface roughness. In Eq. (4) z 0 is approxim ately proportional to grain
size
z0 =  be (6 )
where b is a constant.
Equations (4 ) ,  (5) and (6 ) may be combined to form
u / u 0 =  D  In  { z / b t ) / In  (7 /e ) (7)
in which D  is a constant. 7 has no counterpart in the atmosphere, bu t an 
interesting result is obtained, if 7 is assumed to be a m easure of linear
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scale. This is not an unreasonable assumption. Consider Eq. (7) in its 
application  to model and prototype. If  the grain  size is scaled in p ro p o r ­
tion to linear scale (which will preserve geometric s im ila rity ),  1 /e  will be 
the same for model and prototype. For geometrically sim ilar elevations, 
z / b e  is also the same for model and prototype. The result is equal values 
of u / u 0 which is in accordance with the above scale factor on velocity profile.
The velocity-profile scale factor u / u 0 has other significance quite apart 
from  its relation to shear stress and surface roughness. This concerns the 
effect of local wind speed on plum e characteristics. The ground-level and 
other fixed-location concentration will be markedly affected by local wind 
speed at the source and along the path of the gas plum e since it will affect 
the height of plume. Another effect is the diluting action of local wind 
speed which is included in the concentration scale factor x u ^ 2/ Q  ■
The scale factor 8A ( d p / d z ) / p  containing the vertical density gradient 
m ay be expressed in terms of a tem perature gradient d T / d z  ( T  is absolute 
tem perature) and an adiabatic gradient —F as
- 8 [ ( d T / d z ) + T ] / T  
or in terms of potential tem perature 0  as
—8 (d Q / d z ) / 0
This scale factor is a measure of static stability and is significant for its 
relation to convective turbulence. It requires the model tem perature to be 
increased as scale is decreased.
The Richardson num ber frequently appears in discussions of atmos­
pheric turbulence [2 ],
R , =  g { d T / d z  +  V ) / T { d u / d z ) 2 
A group sim ilar to the Richardson num ber results from the ratio of the 
Froude number to the density-gradient scale factor as follows:
g ( d T / d z  +  T )  / T i u 0/ 8 ) 2 
For sim ilar velocity profiles, ua/ S is proportional to d u / d z  and the two 
groups are alike. It remains to be established whether the Richardson num ­
ber is a satisfactory replacement for the Froude num ber and the density- 
gradient scale factor in scale-model experiments.
In looking over the dimensionless groups in Eq. (2 ) ,  the obvious omission 
of a Reynolds num ber u n8p/fx is noted which would have appeared if the 
a ir  viscosity /x had been included in the group of variables of Eq. (1 ) .  
Viscosity is omitted because of practical difficulties in modeling atmospheric 
diffusion. Simple diffusion problems in which there are no density effects 
could be conducted in accordance with Reynolds num ber sim ilarity  but 
the introduction of density characteristics leads to a Froude num ber which 
is in conflict. Cases with density effects cover such a wide range of atmos­
pheric  conditions and source characteristics that the applicability  of scale
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model experiments would be severely restricted if omitted. There are, how­
ever, many cases in which viscosity has negligible effect. Included are 
those in which turbulence im portant to diffusion is caused by angular objects 
and obstructions. An outstanding example of negligible viscous effect is the 
wind tunnel investigation [4] on a 1/5 ,000 scale model of the Rock of 
G ibraltar where good agreement between model and prototype was found 
for flow patterns and regions of turbulence. Boundary layers over plane 
surfaces with considerable roughness show little effect of viscosity except 
at extremely low values of Reynolds number. Flow over smooth surfaces 
has the well known dependence on Reynolds num ber and is not likely to 
be successfully modeled where phenomena requiring  Froude number sim­
ilarity  are involved.
Omitted from  above considerations is the transport of particulate m at­
ter through the atmosphere. Sufficiently small particles will have the same 
motions as the ambient air but larger sizes will show an effect of particle 
fall velocity. Very little seems to have been done with this type of model­
ing. New scale factors will have to be developed and these will encounter 
complications from the dependence of fall velocity on Reynolds number.
I n d u s t r i a l  A i r - P o l l u t i o n  P r o b l e m s
The great m ajority  of scale-model wind-tunnel studies on air-pollution 
problem s have dealt with large industrial p lants having considerable vol­
ume of stack effluent. These studies have several features in common, features 
which have undoubtedly played an im portant par t  in the ir  success. Stack 
effluent is discharged upw ard in the conventional m anner from one or a 
group of stacks and it has a density lower than the am bient atmosphere. 
There is generally one or more buildings of considerable size at or near 
the stack. Significant topographical features along with other obstructions 
to a ir  motion are sometimes present.
An im portant feature of the successfully modeled industrial problem is 
the occurrence of critical pollution conditions (high ground-level concentra­
tions) at high wind speeds. Upward momentum and buoyancy of a gas 
plum e tends to keep it clear of the ground at low wind speeds. W ith in ­
creasing speed the p lum e is deflected toward the ground. After the plume 
firs t contacts the ground, concentration increases with wind speed until the 
diluting effect of higher speeds dominates. The meteorological im portance 
of high wind speed is the high level of mechanical turbulence which tends 
to minimize therm al effects and makes the modeling problem  simpler. At 
speeds above 15 m ph depending on ground-surface and therm al conditions, 
mechanical tubulence is so strong that convective turbulence caused by 
thermal influence is negligible in comparison. W ind speeds at which serious
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ground-level pollution occurs are usually in this range of predom inantly  
mechanical turbulence.
Another simplifying factor in these industrial air-pollution problems 
is the strong influence on plum e motions of air  turbulence and flow pattern 
resulting from buildings and other obstructions. Except fo r determination 
of wind speed at plume level, the influence of the boundary layer formed 
over upwind regions is minimized. Conventional wind tunnels which feature 
a uniform airstream may, therefore, be used even though they have no 
control of boundary  layer profiles or means of producing convective tu r ­
bulence. The success of many scale-model studies in such wind tunnels 
is evidence of this fact.
The lack of confirm atory prototype data may seem incongruous in 
view of the economic importance of uses made of model results. There 
have been various prototype field studies made at plants for which scale 
model investigations were conducted. Usually these have been conducted 
before the wind tunnel project and lacked measurements necessary for 
meaningful correlation studies. U nfortunately, the scope of required field 
measurements is beyond that needed fo r  most pollution evaluations and 
is likely to be quite costly. The time element is such that a field study 
started when wind-tunnel studies are firs t p lanned is not likely to yield 
the required data in time to evaluate model results before their applica ­
tion. The tendency is to await results of prototype operation.
There is a body of experience with scale-model applications which 
appears to give an acceptable evaluation in lieu of specific correlation 
studies. It is not uncommon to learn that a p lan t modification o r  new 
p lan t operation proved to be satisfactory as measured by lack of complaints 
or other common evidence of satisfactory pollution characteristics. Such 
cases taken as isolated incidences are not significant but as an accum ula­
tion of experience over a period of years they inspire a fa ir  degree of con­
fidence.
C o r r e l a t i o n  S t u d i e s  o n  S t e a m  P o w e r  P l a n t s
The following two scale-model studies conducted in the New York Uni­
versity wind tunnel show satisfactory agreement with the prototype in some 
situations and lack of agreement in others. They emphasize some model­
ing problem s and point out the need for closer measurement and control 
of test variables.
The first case [5] concerns the Avon Lake P lan t of the Cleveland Electric 
Illum inating  Company. The Cleveland Company conducted various p ro ­
totype studies p rio r  to the scale-model project. These included measure­
ment of su lfur dioxide concentration along with wind speed and direc­
tion. There were two interesting results of the correlation studies. One 
showed the need to operate the model stacks at the correct gas density,
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the other the satisfactory agreement with prototype measurements obtained 
within the limitation of test measurements.
The wind-tunnel project was started without control of stack-gas density, 
as was the procedure for p r io r  projects in this wind tunnel. Since omission 
of stack-gas density control eliminates the Froude num ber as one of the scale 
factors, selection of model wind speed is left open. I t  had  been found 
that a speed of 8 m ph was a good working value for this tunnel as the air- 
stream was uniform and the demands on the smoke generator were reason­
able. With omission of stack-gas density control, the remaining require­
ment on stack operation is the stack-gas ejection speed to wind-speed ratio 
V s / u  .
There remains the problem  of lack of agreement between model experi­
ment conducted with density at ambient conditions and the prototype 
where the density is considerably lower than ambient air. It is impossible 
to obtain general agreement by adjustm ent of gas-ejection speed but an 
improvement in plum e path close to the stack may result if  the ratio of 
momentum changes for gas to airstream psV s2/ p u 2 is maintained the same 
for model and prototype. With this modification, model ejection speed V s 
will be less than required by the speed ratio V s/ u  . W hether this procedure 
is justified in the general case is open to question since there is no correc­
tion for plume rise due to density. It may be better to maintain V s/ u  so 
as to include an excess of momentum rise as a partia l substitute fo r  density 
rise. W ith test results for a range of velocity ratios the various possible 
procedures may later be analyzed in the light of their application.
The only available test results common to model and prototype and 
useful fo r correlation purposes was the wind speed a t which the plume 
first contacted the ground. Initial tests showed lack of agreement. For 
the most critical wind direction, the speed of initial contact fo r  the model 
(converted to full scale) was 10 mph and for the prototype close to 20 
mph. It was well known that lack of stack-gas density control was con­
servative but in this case the result was considered too conservative for 
practical application.
Detection of the wind speed at which initial contact occurred was based 
on photographic and visual observations. This was la ter im proved with 
the introduction of a detector consisting of a spotlight which projected 
a light beam on a phototube across the airstream close to the surface. 
Diminution of phototube output, caused by in terruption of the light beam 
by smoke from the model stacks, was used to detect the presence of the 
plum e at ground level. Determination of initial contact speed was facili­
tated by plotting change in phototube output against wind speed. The photo­
tube measurement is approxim ately proportional to smoke concentration 
(actually  line concentration ) and is a valid method of determining initial-
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contact speed for correlation with that obtained from su lfu r  dioxide meas­
urements in the prototype. Results for the Avon Lake Model with no con­
trol of gas density are shown in Fig. 2. These confirmed the initial-contact 
speed of 10 m ph determined earlier in the visual experiments. Field results 
for the prototype are also shown and the lack of agreement is obvious. Only 
the initial-contact speed (first speed of m easurable concentration) is sig­
nificant in this graph since there was no concentration calibration of the 
wind-tunnel smoke detector. The slope of the relative-concentration curve 
is arb itrary . Figure 2 is based on Fig. 6 of [5 ] ,  but additional data are 
included.
Control of stack-gas density in the next series of tests was accomplished 
in such proportions as to give the same density as that of hot gases in the 
prototype stacks. With this additional variable, wind speed must be set 
in accordance with the Froude number. For the scale of 1 /240, a prototype 
wind speed of 20 m ph required a model test speed of 1.2 fps. At this speed, 
the wind tunnel did not produce satisfactory flow in the test section. V ar­
ious tunnel modifications were made to improve the flow, and model tests 
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arc shown in Fig. 2. The agreement with prototype was considered satis­
factory.
The second correlation study concerns another steam power p lant. P ro ­
totype data was in a form different from that of Avon Lake in that four 
specific cases of complete p lan t operating data along with wind speed and 
direction were selected by the project sponsor from results obtained over 
a period of time. In these cases conditions were constant long enough to 
obtain well defined results. They occurred at different wind directions 
but within a 45° range. The various stacks were operating a t different 
loads. These were reproduced in the model. Model scale was 1 /300. S ulfur 
dioxide concentration measurements were made at ground level downwind 
of the model.
An im portant result of this study which was not realized at the time 
the experiments were conducted was the importance of the velocity profile  
in the vicinity of the p lan t where the prototype anemometer was located. 
Velocity profiles measured at the model showed that the anemometer level 
was well within the boundary  layer caused by upwind obstructions. Model 
airspeed was measured a t a higher level in the free stream above the bound-
Fic. 3 . G r o u n d - L e v e l  S u l f u r  D i o x i d e  C o n c e n t r a t i o n s  f o r  S t e a m  P o w e r  P l a n t  
a n d  W i n d - T u n n e l  M o d e l — V e r t i c a l  L i n e  S e g m e n t s  S h o w  R a n g e  
o f  P r o t o t y p e  V a l u e s .
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ary layer. Model velocity profiles showed the speed at anemometer level 
to be approxim ately 60 per cent of free stream. The need fo r  correct speed 
is evident from the sensitivity of the concentration curves in Fig. 3 to small 
changes in wind speed in the range of increasing concentration.
Scale-model and prototype results are plotted in Fig. 3. Wind-tunnel 
measurements were taken over a 10-mph range to bracket the nominal p ro ­
totype wind speed for each of the four cases. With these unadjusted wind 
speeds, there is no agreement fo r cases 1 and 3 but cases 2 and 4  are reason­
ably  good. Analysis of the disagreement in cases 1 and 3 suggested a large 
inaccuracy in an im portant test variable. The wind-speed profile  gave at 
least a partial solution. There were no prototype velocity profiles available; 
therefore, adjusted wind speeds for prototype concentrations were calculated 
on the basis of the 60-per-cent free-stream value found at the anemometer 
level in the wind-tunnel experiments. They are shown in Fig. 3.
Adjusted prototype speeds, unfortunately, are at the upper end of the 
speed range for model concentration data in cases 1 and 3 and well beyond 
in cases 2 and 4. The extrapolation of model curves in Fig. 3 for cases
2 and 4 are based on prio r experience with models of this type. Case 2 
prototype is lower than the model experiment and case 4 higher. Case
3 shows fairly  good agreement but case 1 is still in disagreement although 
a little better than the unadjusted case. Case 1 remains unresolved but is 
receiving further  study. Its wind direction was 30° from the nearest of
2, 3 and 4. These three occurred in a 15° range.
In judging the degree of correlation between model and prototype for 
the two model studies presented above as well as others of a sim ilar type, 
consideration must be given to the num ber of test variables involved and 
the problem of obtaining accurate measurements. Both stack and atmos­
pheric variables have first-order effects. It is often difficult to obtain 
simultaneous measurements of all variables. Inaccuracy in only one may 
make a large difference in gas-concentration results. Prototype wind meas­
urements may be affected by local influences not readily detected. The wind- 
tunnel experiments are conducted at extremely low speeds at which accurate 
measurements are difficult to obtain. Gas concentrations are very low and 
subject to many extraneous effects.
D i f f u s i o n  E x p e r i m e n t s  w i t h  C o n v e c t i v e  T u r b u l e n c e
The following comparison of two wind-tunnel diffusion experiments 
with field studies show good agreement for the limited range of conditions 
covered, to the extent that the two m ay be compared. Both deal with a 
point source of su lfur dioxide near the ground. The wind-tunnel experi­
ments were conducted in the New York University wind tunnel fo r  neutral 
and unstable therm al conditions. The field studies were conducted under
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Project P ra irie  Grass during the summer of 1956 under sponsorship of the 
Geophysics Research Directorate, Air Force Cambridge Research Center 
[6J . A large num ber of diffusion experiments were conducted over a wide 
range of therm al stability conditions.
In the wind-tunnel experiments, see Fig. 4, a su lfu r  dioxide source was 
located 0.3 inch above the floor and approxim ately 30 feet from the test
F i c .  4. S m o k e  D i f f u s i o n  f r o m  G r o u n d - L f.v e l  S o u r c e . 
N e u t r a l  C o n d i t i o n  ( u p p e r  p h o t o g r a p h ) .  
U n s t a b l e  C o n d i t i o n  ( l o w e r  p h o t o g r a p h ) .
section entrance. Upstream  from the source, the floor was covered with 
laterally  placed roughness strips %  inch high at approxim ately one-foot 
spacing. The strips were introduced to increase boundary-layer height 
and induce turbu len t flow at the gas plume. Sulfur dioxide concentration 
was measured with a Consolidated Electrodynamics Titrilog. Samples were 
drawn from selected downwind and crosswind locations one-half’ inch above 
the surface. Only one location could be sampled at one time and each was 
run about five minutes.
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Reference wind speed u 0 was measured in the free stream well above 
the boundary  layer. Limited velocity-profile measurements served to de­
term ine wind speed at source level, but they were not suited fo r  evaluat­
ing other characteristics. For a free stream speed of 1 fps the source-level 
air  speeds were 0.30 and 0.37 fps for neutra l and unstable conditions, re ­
spectively. At a free stream speed of 2 fps, source-level speed was 0.74 fps 
fo r  neutral conditions. Floor-surface tem perature control was used fo r  
neutral as well as unstable operation. In the neutral condition, tem perature 
was constant with height within 0.05°F. A tem perature gradient of —0.28°F  
per foot (tem perature decreasing with height) was obtained in the unstable 
case.
F i g . 5. G r o u n d -L e v e l  C o n c e n t r a t i o n  P r o f i l e s  65 .6  I n c h e s  ( 4 0 0  M e t e r s  F u l l  
S c a l e ) D o w n w i n d  o f  G r o u n d - L e v e l  S o u r c e — W i n d - T u n n e l  E x p e r i m e n t s  
f o r  N e u t r a l  a n d  U n s t a b l e  T h e r m a l  C o n d i t i o n s .
Crosswind profiles of gas concentration 65.6 inches downstream from 
the source are shown in Fig. 5. Although the num ber of test readings is 
limited and shows scatter, typical distribution of a gas p lum e is evident. 
Since the points fo r  each profile  were obtained over a period of one hour 
or more, scatter may be due in p a r t  to d rift  in test conditions.
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Comparison of wind-tunnel and field experiments is presented in Fig.
6, with the wind-tunnel results converted to full scale in accordance with 
the scale factors presented earlier. These experiments lack geometrical 
characteristics which could be used to determine a linear scale. F or the 
purpose of this study, therefore, a linear scale of 1 /240  is assumed. This 
is typical of scale model a ir  pollution projects conducted in this wind 
tunnel. Fortunately, the comparison in Fig. 6 is not sensitive to scale. Sim­
ilar results would be obtained with considerable change in the assumed 
linear scale. Concentration values are expressed in terms of the param eter 
Xvu / Q  t°  eliminate effect of source strength and wind speed, u  is the wind 
speed at the source and Xt> the maximum concentration at a given downwind 
distance. In  accordance with the concentration scale factor x u ^~/ Q- wind 
tunnel values were m ultiplied by ( 1 /2 4 0 ) 2, the square of linear scale, 
to convert them to full scale equivalents and are so plotted in Fig. 6.
Regions of stability and instability for the field experiments shown in 
Fig. 12 of [6] are delineated in Fig. 6. The reference figure shows a family
F i g . 6. P e a k  C o n c e n t r a t i o n  v s .  D o w n w i n d  D i s t a n c e  f o r  W i n d - T u n n e l  D i f f u s i o n  
E x p e r i m e n t . ( D o t t e d  B o u n d a r i e s  I n d i c a t e  S t a b i l i t y  R e g i o n s  
f o r  F i e l d  E x p e r i m e n t s . )
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of curves of constant standard deviation of azimuth wind direction. The 
stable region occurs at nighttime and unstable daytime with neutral border­
ing on the two. Boundaries of stability regions shown in Fig. 6 are along 
lines of constant standard deviation of azimuth wind direction and are, 
effectively, lines of constant turbulence conditions.
Numerical values of standard  deviation are not shown in Fig. 6, since 
there were no corresponding measurements in the wind tunnel experiments. 
Comparison of stability characteristics must, therefore, remain qualitative 
but the m agnitude of tem perature gradient in the model aids the in terpre­
tation of results. For this purpose, the scale factor on tem perature gradient 
8 [ ( d T / d z )  + r ] / r  is useful. No numerical values fo r  absolute tem pera­
ture T  were given, but they are not expected to differ enough to affect the 
results and will be assumed to have the same value. For the case of neutral 
stability, the temperature gradient has the adiabatic value — T  and the scale 
factor, consequently, is zero. Numerically, d T / d z  is then —0.0055° F per 
foot. Tem perature measurement in the tunnel is not accurate enough to 
detect the difference between isothermal and adiabatic gradients for the 
height of airstream available. From a practical viewpoint, the adiabatic 
gradient will appear isothermal.
In the unstable case, as mentioned, the tem perature gradient found in 
the wind tunnel was —0.28°F per foot. When converted to full scale with 
the temperature-gradient scale factor using 1 /2 4 0  linear scale, ( d T / d z )  
+  T becomes —0.0012°F per  foot or d T / d z  equals —0.0076°F per foot.
Qualitative agreement between wind tunnel and field experiments is 
evident from  Fig. 6 fo r  both neutral and unstable cases. In the unstable 
wind-tunnel experiment, the tem perature gradient relative to the adiabatic 
( d T / d z )  + T  has a value of —0.0012 which is approxim ately one-fifth 
of the adiabatic gradient. In  extremely unstable conditions temperature 
gradients in the lower layers of the atmosphere may reach values several 
times the adiabatic value. Thus the experiment has rather weak instability. 
The results agree with this interpretation.
Decrease of peak concentration with distance is less than that of the 
field studies. There are many factors which could cause this difference, 
but there is not enough inform ation to evaluate their importance. Since 
viscous forces are not scaled in the model experiment, their  effects may 
be more evident and more so in this type of experiment since the diffusion 
starts in the lowest portion of the boundary layer. There are configurational 
differences between model and full scale which may affect the results. 
Scaled height of source and sam pling points were higher than full scale. 
Upstream surface roughness was d ifferent in that the surface was very 
smooth for the field experiments while there were roughness strips in the
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model. Since there is no comparison of velocity profiles, significant d iffe r­
ences in boundary layer characteristics could exist.
Gas sampling period is a factor of im portance in concentration meas­
urements. As sam pling period is reduced, maximum concentration tends 
to increase since the diffusive effects of long period and large am plitude 
turbulent fluctuations is reduced. The effect of the sam pling period is, 
therefore, dependent on the spectral properties of turbulence. The longer- 
period fluctuations of the atmosphere are not modeled within the confines 
of the wind-tunnel test section. Thus a sampling period beyond a certain 
value may, in the model, lose the significance it has for the corresponding 
periods of the atmosphere. The scale factor on time can readily be shown 
as the square root of linear scale. The sam pling period used in the field 
experiments was 10 minutes. The corresponding scaled period of 39 seconds 
in the model is probably  longer than the turbulent fluctuations. If there 
is any effect of differences in sampling period, it probably  raises the wind- 
tunnel concentrations relative to full scale.
C o n c l u s i o n s
Scale-model wind-tunnel experiments on gas diffusion show satisfactory 
agreement with their full-scale counterparts when the diffusive action is 
dominated by mechanical turbulence which originates at angular and blunt 
obstructions to a ir  motion. These include cases where buildings or sig­
nificant topographical features are the main elements. There m ust be no 
thermal influences which cause convective air motions; high speeds tend 
to satisfy this condition.
The influence of the momentum and density of stack gases on ground- 
level concentration can be reproduced in the model.
Diffusion by convective air  motions due to therm al characteristics of 
the surface and the atmosphere shows promise of effective modeling but 
much research remains to be done before its possibilities can be established.
Additional correlation studies are needed to place diffusion modeling 
of all levels of complexity on a firm er basis. Limitations and capabilities 
must be clearly established.
There is need fo r  instruments which on a routine basis without frequent 
recalibration can accurately measure low a ir  speeds, small differences in 
temperature, and low concentrations of gases suitable for diffusion experi­
ments.
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D i s c u s s i o n
Alan F aller remarked that geostrophic flow, which is the essential fea­
ture of atmospheric circulation, could be obtained by making the Reynolds 
num ber high enough so that viscous effects would be small relative to 
inertial effects. However, viscosity enters in im portant ways, particularly  
in the rate of dissipation of kinetic energy in the atmospheric model. He 
said that the time scale for dissipation of kinetic energy in his model was 
such that the time for energy dissipation should have been about two weeks. 
In  the model, even though geostrophic flows were closely approxim ated, the 
time fo r  energy dissipation was close to one day or one revolution. It seems 
that the rate of dissipation of kinetic energy would be im portant in the 
study of flow around obstacles even though the Reynolds num ber is high 
in both cases. As flow proceeds downstream from the source of turbulence 
the diffusion of material would be appreciably  less in the model than in 
the prototype just because the eddies dissipate at a more rap id  rate in the 
model. The speaker replied that certainly the decay of turbulence would 
be more rapid but more energy is being supplied to the system. The in ­
qu irer  asked if the source of energy was not the turbulence around the 
buildings and if the flow did not become lam inar downstream. The speaker 
agreed that if the stream were com paratively free from  such boundary  in ­
fluences this would be true. The smoke stream is introduced well up in 
the test section and away from the walls so the initial diffusion is due to 
turbulence created by the probe and whatever is associated with it. From 
then on the stream remains substantially constant and a pocket of smoke 
can be followed for a considerable distance. At the boundary, however, 
there is a marked influence and much additional study would be required 
in cases of smoother surfaces without large obstructions which dominate 
the flow.
Captain W right remarked that the David Taylor Model Basin, after 
running experiments on ship-stack gases in wind tunnels fo r  many years, 
has now begun to perform  such experiments in water. The superstructure 
of the ship is modeled, attached to a board, and tested inverted in the cir ­
culating water channel. A dye mixed with water is then injected at the 
desired ratio of stack gas to approach velocity. It is relatively easy to
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obtain super-critical Reynolds num bers under such conditions and the 
motion is very m ajestic; so it is easy to follow visually. Also, rather good 
full scale correlation has been obtained with this technique. The fluid 
is emitted from the stack but the density is not controlled. I t is found that 
for the length of the flight deck of an a irc raft carrie r or the bridge structure 
of a ship the density is not a controlling factor. The speaker pointed out 
that at higher wind speeds density is of less significance.
Rex Elder stated that in a model study with a scale of 1 :540 the topog­
raphy upstream from the p lan t was reproduced for a distance of about 7500 
feet. The correlation between wind-velocity profiles in nature and in the 
model was rem arkably  good for high wind velocity at nearly  neutral con­
ditions. The correlation between the model and the prototype was relatively 
good for sulfur-dioxide concentration also.
Maurice Albertson remarked that the diffusion of a smoke plume de­
pends on two sources of circulation or turbulence. One is the free stream 
approaching from upstream and the other is turbulence associated with 
the structures in the immediate vicinity. It is im portant to have the tu rbu ­
lence and velocity profiles created by an upstream boundary  in the model 
the same as that in the proto type; in other words, the boundary  shear 
m ust create the velocity profiles, the associated turbulence profiles, and 
the spectrum of the turbulence, at each point above the boundary. There­
fore, there must be enough distance upstream  to create a boundary  layer 
sufficiently thick for the structure to be inside of it. U nder these conditions 
the turbulence downstream from  the structure and the behavior of the 
smoke plume will be more nearly like that found in the prototype. In  con­
nection with the Reynolds-number effect careful consideration should be 
given to the fact that there are boundary  influences in the model which 
may cause the viscosity to enter rather predom inantly into the model study, 
whereas in the prototype viscosity is of little influence even in diffusion 
and dissipation of energy. The speaker asked if there was proof that the 
upstream influence of the boundary could not be simulated by controlling 
the initial profile. The reply  by Mr. Albertson was that this has been proven 
ra ther  directly in open channel flow studies and indirectly in the wind 
tunnel. An attempt was made to lessen the required length of a  channel 
by introducing upstream resistances such as cross bars in order to produce 
a logarithmic velocity profile. When this was done the desired profile  was 
obtained immediately downstream, but the flow would then revert back 
to another equilibrium condition within a short distance downstream from 
the cross bars. When the approach was lengthened and the turbulence and 
velocity profile  produced as in nature, the model behaved as desired. The 
speaker commented that they would like to try  some sim ilar experiments, 
as well as to try to sustain a tem perature profile. On one occasion an initial
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temperature profile  was established and, by keeping the boundary at the 
proper temperature, il was possible to maintain the profile  for the full 
length of the test section, roughly 30 feet. W ith a forced velocity profile 
there is at least a gradient to produce shearing forces even though the proper 
structure of turbulence may be lacking. I t is more a question of the eco­
nomics of wind tunnel construction since, if there is more upstream section, 
there must be a longer wind tunnel.
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ATM OSPHERIC D IFFU SIO N  IN AIR-POLLUTION STUDIES 
F r a n ç o i s  N. F r e n k i e i .
Johns Hopkins University
The work on atmospheric diffusion, in which I have been interested, 
and the related air  pollution problem s may bear some relation to hydraulic 
research studies. Turbulent diffusion of matter or heat has been the subject 
of extensive research by hydrodynamicists including those associated with 
the Iowa Institute of H ydraulic Research which has been contributing to 
research work in many fields of hydrodynamic turbulence. Sedimentation, 
which presents some similarities with meterological fall-out problems, brings 
up questions related to those with which air-pollution studies may be con­
cerned. The Fifth Hydraulics Conference was devoted to several aspects 
of sedimentation. W ater currents in harbors, rivers, and in the sea present 
complications of the same order as those encountered in atmospheric mo­
tions. W hether we are interested in physical oceanography or atmospheric 
physics, we have, therefore, to deal with very complex flow problems to 
which it is d ifficult to app ly  the equations of hydrodynamics. The recent 
development of high-speed computing techniques has, however, changed 
the situation. Many problem s encountered in meteorology and hydrology 
which have been treated em pirically  because it has not been practical to 
apply  the more rigorous hydrodynamic equations can now be studied with 
the help of com puting techniques. One such problem, to which high-speed 
computing techniques are making very im portant contributions, is numerical 
weather forecasting. D uring the Third Hydraulics Conference the late 
Professor C.-G. Rossby discussed some aspects of meteorology and referred 
to the numerical forecasting. Since that time the progress in numerical 
forecasting has become quite spectacular and much of its development is 
due to the cooperation between meteorologists and mathematicians of which 
Professors Rossby and John von Neumann were the most outstanding exam­
ples. At the same Conference Professor Rouse discussed gas-diffusion 
experiments made in an Iowa wind tunnel using a mode] of an urban dis­
trict. I shall try  to discuss with you today a different aspect of such studies 
in which an urban area is represented by a mathematical model. Such a 
model can take into account the general meteorological and topographical 
conditions as well as the distribution and nature of the pollution sources. 
The mean concentration patterns are then forecast for the mathematical 
model of the area.
I l l
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I shall present to you some results of such studies try ing  to emphasize 
their potentialities in the application to air-pollution problems. Although
I will be using Los Angeles County as an example, it should be remembered 
tha t the results refer to a mathematical model rather than to the exact phys­
ical situation in Los Angeles and that the purpose of my discussion is to 
describe a mathematical method rather than a specific application.
Fluid  dynamicists have been concerned fo r  several years with turbulent 
f low ; however most of their experience is related to wind-tunnel turbulence 
or turbulence observed by an airp lane in flight. In  both cases the magnitude 
of turbu len t fluctuations is relatively small as com pared to the mean wind 
velocity. There are other essential differences between wind-tunnel tu rbu ­
lence and the velocity fluctuations in  the atmosphere which will be quite 
im portant in our problem.
b.
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F i g . 1. T u r b u l e n t -V e l o c i t y  R e c o r d s .
Figure 1 represents two examples of turbulent velocity fluctuations, 
one m easured in a wind-tunnel (Fig. l a ) ,  the other in the natural wind 
(Fig. l b ) .  I f  u ( t )  is the instantaneous value of the fluctuating velocity 
measured at time t , then we can consider the quantity
r u r
Q V I t  ~  — I u (a )da  (1)
J t-T
where 2T  is an interval of time. In the case of wind-tunnel turbulence
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when 2 T  increases 0 f l T becomes and remains practically  constant after 
27’ reaches a certain value 2 I \  . We can then define a mean velocity
t+T
u(a )d a  (2 )
-T
The instantaneous velocity u ( t )  can therefore be divided without much 
difficulty into the mean velocity u  and a turbulent velocity u ’{t) such 
that u ( t )  = u  +  u '{ t )  for all { s.
For the natural wind the situation is somewhat different. Let us assume 
that the first par t  of the recording, from  6 to 9 p.m., is sufficient to de­
termine a value QYlT — U t which can be considered as a “mean” velocity 
during  this f irs t time period. I t is then possible to consider during this 
period the difference u ( t ) —U % as a turbulent velocity. Sim ilarily  one 
may for the time period between 10 p.m. and 3 a.m. define another “mean” 
velocity U2 with the turbulen t fluctuations u ( t ) — U2 during this period. 
The definition of a constant mean velocity for the whole length of the 
recording and of a turbulent departure from this velocity will, however, 
be meaningless. If  a much longer recording is used such mean velocities 
as Ut  and t /2 m ay at their turn be regarded as “ instantaneous” velocities 
and a new “m ean” value V  defined. The definition of a “m ean” wind 
velocity will, therefore, depend essentially on the scale at which we wish 
to observe the meteorological motions.
Most of the measurements of wind-tunnel turbulence have been made 
with hot-wire anemometers with which velocity fluctuations reaching f re ­
quencies of ten thousand cycles per second can be observed. The character 
of the turbu len t fluctuations is determined by eliminating, with appropria te  
electronic equipment, the mean wind velocity and expressing the turbulence 
characteristics by such statistical quantities as correlation coefficients, 
spectra of turbulence, and turbulence intensities. The mean wind-tunnel 
velocity is well defined and the fluctuations of the instantaneous velocity 
correspond to a scale of eddy sizes of the order of one centimeter or smaller. 
A several-second sample record is used which is sufficiently large compared 
to the magnitude of the fluctuation periods to give m eaningful statistical 
results.
The turbulent energy of the atmosphere includes a certain amount of 
energy corresponding to eddies of the same range of magnitudes as those 
of wind-tunnel turbulence. I t also includes eddies of several centimeters 
or meters observed with micrometeorological instruments as well as larger 
size fluctuations recorded in most meteorological stations on manographs. 
Eddies of a magnitude of many kilometers and cyclonic motions observed 
on synoptic charts may be included in the definition of the turbulent energy 
of the atmosphere. The spectrum of atmospheric turbulence covers a very
u  — lim
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large range of eddies. One must have, therefore, a sufficient am ount of data 
on fluctuating wind velocities to be able to compute statistically-meaningful 
averages. Electronic computing machines make such computations possible 
and enable us to apply  some of the methods of the statistical theory of 
turbulence to atmospheric problems.
There are several mathematical difficulties in defining appropria te  
averages when using experimental data fo r  the atmosphere. In fact the 
problem  is sim ilar to the one in inform ation theory where the signal is to 
be separated from the noise. In the case of the wind-tunnel turbulence 
the signal, which is the mean velocity, is constant and can be easily sep­
arated from the turbulent noise. In the case of atmospheric turbulence the 
signal is not constant and is so interrelated with the noise that a separation 
of the two is very difficult. The errors made in an artificial separation into 
“ mean” and “ turbulen t” wind velocities can be estimated from  studies of 
spectra of wind velocities.
I0 '6 IO'5 I0 '4 I0 '3 I0‘ 2 10"' I 10 I0 2 I03 I04
cycles/second
F i g . 2. T u r b u l e n c e  S p e c t r a .
Figure 2a, illustrating  a spectrum of wind-tunnel turbulence, represents 
the turbulent energy as a function of the frequency of the velocity fluctua­
tions. The turbulent energy in  the wind-tunnel flow covers a range of
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frequencies from about 1 to 104 cycles per second. An average over a time 
interval 2T  , which is large compared to one second, will remain constant 
and a mean velocity would be clearly defined by Eq. (2 ) .  The fluctuating 
instantaneous velocity can, therefore, be easily divided into a mean and a 
turbulent velocity. The area under the spectral curve represents the turbulent 
energy of the wind-tunnel stream. On Figure 2b is illustrated a spectrum of 
turbulence representing atmospheric turbulence. This spectrum covers 
a very large range of frequencies and may present several maxima. In 
fact, to measure such a spectrum may require the use of a num ber of d if ­
ferent methods since no single instrument or method can give the com­
plete spectrum of turbulence. The definition of a “mean” velocity will in 
general be difficult and almost always quite approxim ate. This definition 
depends, as indicated before, on the scale on which we wish to consider 
the turbulent phenomena in the atmosphere. If we consider it at the same 
scale as the wind-tunnel stream then we shall define as turbulence the f luctua­
tions of the order of magnitude of 1 cycle per second and less. The line 
AA illustrates a separation of the “ turbu len t” velocity energy from the 
“m ean” velocity energy. When the atmospheric fluctuations are considered 
on this scale, the turbulent energy is represented by the area A and includes 
only high-frequency fluctuations. Most of the meteorological anemometers 
do not measure these high-frequency fluctuations since they are not of 
m ajor interest to the meteorologist. In meteorology, an average velocity 
over an interval of time of about one minute is often considered as an “ in ­
stantaneous” velocity. Let us assume, therefore, that the study of atmospheric 
turbulence is made on a scale at which turbulent velocities are considered to 
be the fluctuations of a frequency of about 1 cycle per  hour or more. The 
new “mean” velocity would be an average taken over a time interval of 
the order of m agnitude of one hour. The line BB illustrates now the separa ­
tion between the new “ turbulen t” and “m ean” velocity energies. The tu r ­
bulent energy will be represented by the area B. The value of the turbulent 
energy depends, therefore, very much on the scale at which the atmosphere 
is observed.
The separation between the “mean” and “ turbulent” velocity energies 
can sometimes be chosen fo r  a frequency between two m axima of the spec­
trum, as is the case for BB. The errors made in separating the mean and 
turbulent velocities will in this case be expected to be much sm aller than 
in other cases.
Let us examine the differences between the dispersion of small particles 
in a wind tunnel and in the atmosphere. We shall consider the emission 
of, say, soap bubbles at a fixed poin t in each of the two turbu len t fields 
at successive times t„ -  t i  , t2 , . . . t n and we shall observe their loca­
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tunnel with constant mean velocity V  , the positions of a large num ber of 
such soap bubbles at times ( tn +  h )  outline a “cloud” whose center is 
located at a distance V h  downstream of the origin of emission. The shape 
of the cloud depends on the characteristics of the turbulence. Figure 3 
illustrates such a cloud and indicates how the soap bubble density s varies 
along the diameter of the cloud. Let us now consider the natural wind 
in which the velocity fluctuates as indicated on Figure 4. D uring a first 
time period the mean velocity V x carries the soap bubbles in the correspond­
ing downstream direction and produces a cloud around a point A . At a 
later period of time when the mean velocity changes both in magnitude 
and direction to F 2 , the observed cloud will have its center located at point 
B . The density distributions Si and s2 may be quite sim ilar to the one 
obtained in the wind tunnel. The dispersion of these clouds is produced 
by the small-scale turbulence contained in the spectrum of the atmospheric 
turbulence. L arger scale eddies are connected with the fluctuating “mean” 
velocities V x , V 2 , . ■ ■ If we continue to emit soap bubbles and include 
the effects of those larger scale eddies there may appear  new clouds scattered 
over the area and after a  sufficiently long time a la rger cloud with a density 
distribution S  will exist. The dispersion of this cloud describes the tu rbu ­
lence at a correspondingly la rger  scale.
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Consider a chimney emitting smoke and let us observe the shape of the 
smoke plumes, assuming that the general meteorological conditions are 
unchanged. F igure 5 illustrates a variety of shapes of plumes which can 
be observed even if  the meteorological conditions remain unchanged. The 
nature of the atmosphere does not make possible the prediction of the shape 
of any of the individual smoke plumes. One can, however, describe an 
average plume, obtained by a superposition of a large num ber of individual 
plumes, sim ilar to the one represented in the fram ed illustration. Average 
smoke concentrations are then com parable to those obtained using the equa­
tions of turbulent diffusion fo r  a continuous point-source emission. Such 
equations can, therefore, be used to estimate probable  concentrations at 
various distances from the source.
Figure 6 summarizes the atmospheric pollution story. A ir pollutants 
are produced as a result of various industrial processes and are then emitted 
into the atmosphere from pollution sources. The heavier pollutants fall 
down in the neighborhood of these sources and the lighter ones are trans­
ported to more distant areas. Often pollu tants from  different sources mix 
and interact chemically; sometimes they are subject to photochemical, nu-
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F i g . 6 .  S c h e m a t i c  V i e w  o f  A t m o s p h e r i c  P o l l u t i o n .
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clear or other transformations. The dispersed pollutants will f inally  come 
into contact with the population, soil, plants, and various objects which 
they m ay damage. At each of these stages of atmospheric pollu tion: pro­
duction, emission, transfer, contact and damage, one can try  to reduce the 
dangers and inconveniences of atmospheric pollution. We should, how­
ever, remember that it m ay be quite impractical to get rid of atmospheric 
pollution altogether. Many of the useful human activities, such as industry, 
traffic, production of electricity, etc., are  accompanied by a ir  pollution. 
A community, like a human being, breathes in clean air and breathes out 
pollutants. The very life of the community is accompanied by a ir  po llu ­
tion. The main problem  is to prevent this air  pollution— the companion of 
hum an activities— from  reaching a magnitude which becomes a great in ­
convenience and danger to the population. The purpose of atmospheric- 
pollution studies should be the finding of practical and economical means 
to reduce a ir  pollution without affecting the hum an activities of the grow­
ing community. Technical methods for cleaning the air  of our polluted 
communities do exist. Many of these methods may, however, be difficult 
to apply  and expensive in investment and operation of specialized equip ­
ment. Atmospheric-pollution control is not as much a technical problem 
as it is an economical one. An im portant part of air-pollution studies, 
therefore, should be the comparison of costs and inconveniences of various 
control measures with the effects which they may have on the reduction 
of contamination levels. We shall refer la ter to this aspect of a ir  pollution 
studies.
Let us consider Los Angeles County (Fig. 7 ) .  It is surrounded on the 
north  and the east by mountains and on many days covered by a temperature 
inversion which acts like an almost im permeable lid. U nder this inversion 
light winds blow towards the sea during the night and stronger winds blow 
toward the mountains during the day. The pollutants originating in the 
County are pushed towards the mountains and although some of them find 
their way out of the Los Angeles basin large amounts accumulate under 
the temperature inversion.
The next figure (Fig. 8 ) helps to illustrate what happens in Los Angeles 
County. Below the thermal inversion, the daytime winds accumulate the 
pollutants under the combined barr ier  of the therm al inversion and the 
mountain chains. These pollutants include nitrogen dioxide and hydro­
carbons which produce ozone as a result of a photochemical reaction. When 
the meteorological conditions are particularly  unfavorable, the accum ulat­
ing ozone reaches, in some parts of Los Angeles County, concentrations 
above those recommended by the industrial health specialists as the maximum 
allowable concentration. It should be noted that these maximum allowable 
concentrations refer to healthy adults, and that the population  of a com-
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F i g .  7. L o s  A n g e l e s  C o u n t y .
munity includes people who are in poor health as well as children and older 
people who m ay be less resistant to a ir  contamination.
As a basis for the determination of the meteorological conditions in 
the Los Angeles basin, I have used the data on stream lines fo r  the surface 
winds determined for successive hours of September 1947. These stream































lines represent mean wind-velocity fields obtained by averaging the air  
flow, for each hour of the day, over all the days of September. Figures 
9a, b, c, represent the stream lines (curves with arrows) fo r  5:30 and 9:30 
a.m. and for 2 :30 p.m. In the early  m orning the wind is blowing from 
Pasadena to the sea but by 9 :30 a.m. its direction is reversed and the wind 
speed is increased; at 2 :30 p.m. the direction of the wind is again changed. 
In addition to the “m ean” motion of the wind there is, of course, a “ tu r ­
bulent” dispersion whose intensity can be estimated. If we assume that 
some time in the early morning, say about 4 :00 a.m., a pollution source starts
F i g .  10. M e a n  M o t i o n  a n d  D i s p e r s i o n .
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to operate in Pasadena, then by 5:30 a.m. the pollution pattern  m ay be 
sim ilar to the one shown on Fig. 9a. Let us now assume that, say at 8:00 
a.m., a pollution source located in the west of Los Angeles starts to operate. 
By 9:30 a.m. (Fig. 9b) a new pattern of pollution originating from this 
source will be formed, while the pollution cloud in Pasadena will continue 
to disperse and be deformed by the general change of the mean wind velocity 
field. The velocity field later in the day (Fig. 9c) will deform even more 
the pollution patterns originating from these im aginary sources.
The next figure (Fig. 10) refers again to Los Angeles County. Let us 
note the point marked with the number 7. We assume that a pu ff  has been 
emitted at this location at 7 :00 a.m. The puff  is carried downstream with 
the general wind velocity along the trajectory represented on the figure. 
W hile the puff  is moving along its trajectory turbulent wind fluctations 
disperse it. If  we know the position of the various sources of pollution and 
the emission conditions, we can try by adding the contribution of each of
SEPTEMBER Z-OOp.tn 
1 8 - 2
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F i g . l i b .  I s o c o n c e n t r a t i o n  C u r v e s  f o r  P o i n t  S o u r c e — 5:00 p .m .
the sources to determine the expected pollution concentrations as a func­
tion of the time and the location. We can in this way try to describe a 
mathematical model of the County and determine the resulting patterns 
of pollution concentrations. Let me emphasize again that what I am using 
is a mathematical model of Los Angeles County. In this model I shall try 
to include some of the relevant inform ation which is available ; but no 
mathematical model can completely represent the physical conditions. The 
only thing it can do is help in creating an idealized representation of the 
physical conditions, and in the present problem  this idealized representa­
tion is not as close to the real physical phenom ena as we should wish to 
make it. The reason for this is inherent in the complications of the atmos­
pheric processes, the lack of some im portant data, and the necessity for 
neglecting some of the available data to avoid com plicating the computing 
problems in our examples.
Let us assume the case of a single point source located in the Long 
Beach-Wilmington area and emitting pollutants at a constant rate. The
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mean wind velocity distribution in Los Angeles County used fo r  this case 
is obtained from the measurements made at UCLA during the month of 
September, 1947. Isoconcentration curves (representing lines of constant 
concentration) can be determined fo r  our mathematical model using some 
sim plifying assumptions. Such curves are represented on the following 
three figures (Figs. 11a, b, c) fo r  2:00, 5:00, and 8 :00 p.m. As we see 
from these figures the pollution patterns change with the hour of the day. 
In  a sim ilar way we can consider the effects of a point-source located else­
where in the County.
F igure 12 illustrates how one may try  to treat the problem  of pollution 
sources distributed over the whole County. It represents a mathematical 
model of the motor-car traffic distribution. Each square represents four 
by four  miles and the area of the black circles is proportional to the num ­
ber of vehicles. This distribution has been obtained by selecting a math-
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MEASURED TRAFFIC DISTRIBUTION IN LOS ANGELES COUNTY
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F i g . 12. M o t o r -C a r  T r a f f i c  D i s t r i b u t i o n — M a t h e m a t i c a l  M o d e l .
ematical form ula which produces a pattern of traffic sufficiently similar 
to the measured pattern.
Traffic, of course, changes not only geographically, but also from hour 
to hour. F igure 13 shows examples of this hourly  variation of the traffic 
volume in Washington, D.C. and in Los Angeles. It shows the rush hours 
in the morning and in the afternoon and the small traffic volume during 
the night hours. We can include this hourly variation into our mathematical 
model. In a sim ilar way we can include other pollution sources distributed 
over an urban  area such as incinerators and oil and gas heating. With each 
of these general pollution sources— industry, oil and gas heating, motor 
car traffic, and incinerators— we have associated appropria te  emission 
characteristics based on published data. In  particular, we refer to what 
has been called the “ im p o r ta n t’ pollutants (including acids, organics, and 
nitrogen d io x id e) . Neglecting, for the moment, the chemical reactions 
involving these pollutants, we have determined the relative contributions 
which each of the above four sources are making to the pollution at the 
location of the California Institute of Technology in Pasadena.
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The photochemical reaction involving nitrogen dioxide and hydrocarbons 
has been included in our mathematical model of atmospheric pollution in  
Los Angeles County. We have also taken into account the fact that af te r  
the sun rises several hours of irradia tion may be necessary before the photo­
chemical reaction yields an appreciable quantity  of ozone. F igure 14 shows 
the result obtained for the mathematical model as com pared with experi­
mental measurements. The results refer again to the location of the Cali­
fornia Institute of Technology and are based on data concerning the 1954 
distribution of industry, cars and incinerators.
F igure 15 shows the results of experimental measurements of ozone 
concentrations over a period of three days measured by Regener. Ozone 
concentrations reach a maximum at about one o’clock in the afternoon 
of each day. A somewhat sim ilar curve is obtained for our mathematical 
model in which we have considered the following theoretical situation (no 
attempt was made to base it on the meteorological conditions to which the 
last figure refers).  We assume that there is no pollution on Sunday and 
that the temperature inversion in our model is at 2250 feet above sea level. 
All the sources of pollution start to operate on Sunday at m idnight a t the 
same hourly  rates as in our preceding model. One of the curves in Fig. 
16 shows how the mean concentration will vary from hour to hour for the 
next three days. A second curve refers to the case for which, on M onday 
at 4:00 p.m., the inversion layer is assumed to change suddenly from  2250 
feet to 1500 feet. As a result the volume under the inversion is sm aller 
and the concentration of the accumulating pollu tants increases more rapidly . 
The maximum in the early afternoon of Tuesday is, therefore, much higher 
than on M onday and it will reach even la rger  values on Wednesday. We 
can, using a sim ilar analysis, determine how the pollution concentration 
will vary from hour to hour for a period of several days.
The question then arises of what can be done in order to im prove a ir  
pollution abatement. In order to answer this question we must be able to 
evaluate the contribution of each of the pollution sources to the general 
contamination. It will then be possible to examine how pollution patterns 
will change if certain reductions in the contamination from some sources 
can be achieved. Let us come back to our results concerning ozone con­
centration at Cal Tech. We shall consider first the contribution of each: 
of the following general pollution sources, ( 1 ) incinerators, (2 ) cars* 
(3) petroleum industry, (4) other industries, and (5) oil and gas heating. 
Figure 17a shows the combined effect of all these sources. F igure 17b 
refers to the case when all the sources are active except the incinerators. 
F igure 17c gives the results for all the sources except gas and oil heating. 
Figures d, e, f show the corresponding results when we omit, in our model, 
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F i g . 16. M o d e l  O z o n e  C o n c e n t r a t i o n — T h r e e  D a y s .
may seem to im ply that the contribution of cars to the ozone concentration 
at Cal Tech is much la rger than the contribution of the industry. Such a 
conclusion would be quite incorrect. In  our model we have, indeed, in ­
cluded photochemical reaction which makes the ozone yield dependent 
on the concentrations of nitrogen dioxide and hydrocarbons emitted from 
the pollution sources. The ozone concentration obtained when all the sources 
of pollution are active is not the sum of ozone concentrations obtained 
fo r  each of the sources acting separately.
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There is still much work necessary to improve the use of the methods 
of analysis presented here, particu larly  if we wish to have good quantitative 
forecast of air pollution patterns. Nevertheless, I feel that the knowledge 
which we have already available is sufficient to make such an analysis 
valuable to air pollution studies.
Before ending I should like to state that the results presented here repre­
sent my personal opinions and do not necessarily reflect the views of the 
laboratories with which I am connected. I should like to express my thanks 
to the many organizations whose publications helped me in p reparing  this 
paper. I refer in particu lar  to the publications and data which the A ir 
Pollution Foundation and the A ir Pollution Control District published on
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the Los Angeles County air  pollution. I should not forget to express my 
thanks to the real contributors to the results which I presented today—  
to those who made the Los Angeles basin the best test ground fo r  air  po llu ­
tion studies. I am, of course, referring  to the five m illion people of Los 
Angeles County who with their industries and their two and one-half million 
cars are contributing to atmospheric pollution research.
D i s c u s s i o n
Gordon Strom commented that the speaker had pointed out the limitations 
of a wind tunnel because its turbulence is a t the small-scale end of the fre ­
quency spectrum as compared to the longer period oscillations occuring in the 
atmosphere. The interest in conducting model experiments lies in in troduc­
ing local factors or  new situations which are not in existence; so he asked 
the speaker if  he thought there is a possibility of extending the wind-tunnel 
experiments by combining wind-tunnel results and its frequencies in the 
lower end of the spectrum with atmospheric measurements of the higher 
end of the spectrum. This would am ount to superposition of wind-tunnel 
results on atmospheric data so as to produce a new combination. The speak­
er replied that he thought it would be possible to do that. He added that, 
since the diffusion itself is so complicated that even in a well defined 
process enough mathematical equations can not be introduced, the wind 
tunnel will be definitely of help because it will aid in understanding the 
problem better. He said that he believed it would be possible in the fu ture 
to combine meteorological conditions with some kind of wind-tunnel ex­
periments fo r  prediction of pollution patterns. A model could be made 
of an entire city and, after determining the average-velocity patterns and 
prevailing-wind directions, the ab rup t changes and turbulence could be 
superposed on it with the wind tunnel. From this the effect of proposed 
changes m ight be predicted. The speaker emphasized that he did not want 
to be misunderstood because sometimes it is proposed to build  an enormous 
model of an entire city and put everything in it and hope that this will 
produce reliable results. The speaker does not believe that this can be 
done. He agreed with the questioner that at each stage the movement is 
to something more complicated.
N orm an Brooks pointed out that Cal Tech came first and the smog 
later. The speaker countered with the thought that Cal Tech m ay also 
disappear firs t and the smog later. Then, in a more serious vein, he paid 
tr ibute to the work that has been done at Cal Tech and said that conditions 
would be much worse in Los Angeles now if  it were not fo r  that work. 
Moreover if  people had listened a few years ago as they listen now they 




BEHAVIOR OF DISSOLVED AND SUSPENDED MATERIALS IN
FLOW ING STREAMS 
R. E. G l o v e r  a n d  C. R. D a u m  
U.S. Geological Survey
The abilities of flowing streams to disperse dissolved o r  suspended 
materials placed in them was investigated by analytical treatments, based 
upon reasonable hypotheses, and comparison of the results of these analyses 
with the results of laboratory  and field observations. The U.S. Geological 
Survey in cooperation with the Atomic Energy Commission made a study 
of the dispersal rates fo r  materials introduced into streams. As p a r t  of 
the investigation it was necessary to devise some new techniques fo r  meas­
urement and for recording the observations.
Two sets of laboratory  tests were made. The first set was made in a 
flum e in the laboratory  of the Colorado State University a t F ort Collins. 
This flume is 8 feet wide and 2 feet deep; it has a length of 75 feet of 
which 60 feet were used in the tests. The second set was made in the Rocky 
M ountain H ydraulic Laboratory flume near Allenspark, Colorado. This 
flume has a tr iangu lar  cross section and is 400 feet long; 300 feet of this
F i g . 1. F o r t  C o l l i n s  T e s t  F l o m e  w i t h  E l e c t r o d e s  i n  P l a c e . B a r  G r i d  
o n  F l o o r  I n c r e a s e s  R o u g h n e s s .
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length was used. In both flumes the material to be dispersed was pu t in 
solution and released from a trough when longitudinal dispersion rates 
were to be measured. For lateral dispersion tests the tracer solution was 
in troduced continuously by means of a rubber tube. The test f lum e ar ­
rangements are shown in Figs. 1 and 2.
After consideration of a num ber of tracer materials it was decided to 
use common table salt and to record the concentrations present at any time
F i g . 2 .  A l l e n s p a r k  T e s t  F l u m e .
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by m easuring the electrical conductivity of the water. There were several 
reasons for these choices. The collection of samples is cumbersome at best 
and requires care in identification and much tedious work in the laboratory, 
if the samples are to be analyzed chemically. The use of a flam e pho ­
tometer was also considered, but the sampling difficulties remained. With 
the higher velocities it would be very difficult to take samples as fast as 
would be required to define the salt cloud concentrations properly. These 
difficulties were avoided by using electrical conductivity to indicate the 
concentrations present a t any location. By p roperly  arranging  the electrodes, 
a fa ir  sample could be obtained for an entire cross section. Common salt 
was chosen for the electrolyte because it is nonpoisorious, readily  obtained, 
and in dilute concentrations produces a conductivity which is nearly p ro ­
portional to the concentration. The sensitivity attainable with this simple 
arrangem ent is surprising— good records can be obtained with an amount 
of salt so small that its presence can not be detected by taste.
A 24-element oscillograph was used fo r  recording. To minimize elec­
trolysis effects 60-cycle-per-second alternating voltages were used. To avoid 
the danger of electric shock the 110-volt supply  was transform ed in two 
steps down to about one volt. In the low voltage transform ers of the second 
step the secondaries were insulated from  the primaries. The electrodes were 
energized from  the one-volt supply which precluded the possibility that 
personnel would encounter dangerous voltages while in contact with the 
water.
The secondaries of the second-stage transform ers were each connected 
in series with an electrode and a shunt resistor. This shunt had a resistance 
of from 0.27 to 1 ohm to keep its resistance less than one per cent of the 
minimum electrode resistance. Each galvanometer circuit was connected 
in para lle l with its own shunt resistor. The galvanometer circuit comprised 
the galvanometer element, in paralle l with a dam ping resistor, and a variable 
resistor connected in series. The galvanometer together with its paralle l 
dam ping resistor had a resistance of about 47 ohms. The series variable 
resistor had a resistance of about 100 ohms.
The galvanometer elements had natural, undam ped frequencies of about 
125 cycles per second and were strongly damped. They were energized 
throughout the duration  of each test and the galvanometer elements, there­
fore, oscillated continuously at the imposed frequency of 60 cycles per 
second but with am plitudes varying with the amounts of salt present at 
the electrodes. The resulting record appears as a band whose width indi­
cates the amount of salt present. All natural waters possess some salinity 
and the trace has a basic width proportional to it (Figs. 3 and 4 ) .  This 
basic width was used fo r  calibration purposes by arranging  a spare element 
to record band widths corresponding to the unmodified flume water and a
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standard solution. For the Fort Collins tests the standard  solution was 
city water, but in the Allenspark tests a 100 parts  per m illion  salt solution 
was used. The water samples used for this ca libration were held in two 
beakers (Fig. 5) in which a special electrode could be placed. D uring 
the test this electrode was moved from the standard  solution to the flume 
water samples to impress the calibration on the test record.
Because of the length of time required fo r  a test, it was only with the 
highest water velocities and the lowest paper speeds that continuous re ­
cordings could be held to a reasonable length. F or the other tests an in ter­
mittent record was obtained by using a stepping relay. In  all tests an escape­
ment-controlled electric timer that closed a circuit once each second p ro ­
vided a measurement of time. When the oscillograph ran  continuously the 
output of the tim er was fed to a galvanometer which left its trace as a series 
of p ips along the edge of the record (Fig. 3) but in the longer runs the 
output of the timer was fed to the stepping relay. This relay has an arm 
sweeping over 40 contacts and every time it is energized the arm advances 
to the next contact. When the stepping relay circuit was used, the oscillo­
graph  would operate fo r  one second during the interval the arm closed the 
contact to which the oscillograph was connected. I f  only one of the stepping 
relay contacts was connected to the oscillograph, it would operate only
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one second out of each 40. If  two equally  spaced contacts were used, it 
would operate at 20 second intervals. W ith 4 or 8 contacts in use the in ter­
vals were, respectively, 10 and 5 seconds. Samples of continuous and in ter­
mittent records are shown in Figs. 3 and 4. The gaps in these intermittent 
records are caused by the coasting of the paper drive m otor and by the 
sluggish response of the oscillograph lamps. The oscillograph and the 
stepping relay were operated by power supplied by a 12 volt storage battery. 
For the Allenspark tests, a battery-operated vibrator was used to supply 
the alternating voltages.
In  the Fort Collins tests the electrode stations were 20 feet apa r t and
4 electrode pairs were used at each of three stations. The upstream  station 
was 20 feet downstream from  the trough used to introduce the salt. In 
the Allenspark tests the electrode stations were 75 feet apa r t but only one 
electrode pair  was used at each station. These electrode pairs  were made 
of 5/16-inch-diameter brass rods, placed one inch apart. F or the Fort Collins 
tests the two bars were threaded and screwed into a plastic block which 
was attached to the floor of the flume. In the A llenspark tests the elec-
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i n  G l a s s  J a r  i n  F o r e g r o u n d .
trodes were attached to a plywood support which was, in turn, attached to a 
wooden beam which spanned the test flume.
The desired operation was selected by means of switches mounted on 
a control panel (Fig. 5 ) .  The transform ers and controls were all arranged 
on this panel to avoid loss of time caused by rearranging  circuits while 
the tests were in progress. When tests for lateral dispersion were being 
made, each p a ir  of electrodes was connected to a  separate galvanometer 
in the oscillograph. When the longitudinal dispersion runs were being 
made, the four pairs  at each station were connected into a series-parallel 
arrangem ent which had the same resultant resistance as a single electrode. 
This not only permitted the entire section to be sampled but, in addition, 
made voltage adjustments unnecessary. The same panel was used for the 
A llenspark tests also.
The effectiveness of this arrangem ent was demonstrated during the test­
ing at Fort Collins. D uring the 65 runs made there, only one record was 
lost. The loss was due to selection of too long an interval on the stepping 
relay fo r  the first run  and not to any malfunctioning of the equipment. In 
the Allenspark tests 11 runs were made without loss. In the Fort Collins 
tests the runs were made at the average rate of eight per day. The rate 
was slower at A llenspark because of the greater length of time required
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to establish steady-flow conditions in the 400-foot long flume.
Development of the records obtained at A llenspark was done in a po rt­
able darkroom, consisting of a cabinet with a shelf. This darkroom  was 
about 4 feet long, 2l/o feet high, and 2 feet wide. The film holder was put 
on the shelf by opening a door in the back. The operator then reached 
into the cabinet through light-tight cloth sleeves, removed the film from 
the film holder on the shelf and developed it in the solutions on the bottom 
of the cabinet. After the record was developed and fixed, it was removed 
through the door.
The tests were planned from salt quantities, salinity concentrations, 
and times calculated from a previously developed theory. The predictions 
were close enough so that departures from  the planned program  were un ­
necessary. For the Allenspark tests the salt quantities were weighed and 
packaged beforehand. The use of the stepping relay, to adjust the lengths 
of the oscillograph records in accord with the precalculated program , and 
a control panel, to select the type of operation desired from  the recording 
equipment, were essential elements contributing to an orderly  and expedi­
tious test procedure.
A full-scale test was made on the Mohawk River in New York as a 
cooperative enterprise in which groups from H arvard  University, Knolls 
Atomic Power Laboratory, New York State D epartment of Health, and the 
U.S. Geological Survey participated. In these tests the tracer material 
was a short-lived nuclear isotope, and counters were used to observe con­
centrations. Because the time was am ple in this case, samples were also 
taken and counted later. The observed radioactivities of the samples were 
corrected fo r  elapsed time. The tracer material was introduced into a 
sewer outlet at a point just downstream from Schenectady, and concentra­
tions were observed in the approxim ately 13-mile reach between this point 
and the junction of the Mohawk and Hudson Rivers near  Cohoes.
Form ulas fo r  dispersion rates were developed on two bases. A longi­
tudinal dispersion form ula was developed from the concept of the dispersion 
mechanism as a diffusion process. It was assumed that the dissolved or 
suspended material was carried along bodily at the mean velocity of the 
stream while being dispersed by velocity differentials, turbulence, and 
molecular diffusion. These considerations yield the form ula
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in which
s represents the salinity expressed in terms of the amount of salt
per unit of volume,
Q the amount of salt introduced at x  — 0 when t — 0 ,
R the width of the stream,
D the depth of the stream.
x the distance measured downstream from the point of introduction
of the salt,
V the mean stream velocity,
t the time elapsed since the introduction of the salt,
and K x a diffusion constant to be determined from experiment.
Another longitudinal dispersion form ula was developed on the assump­
tion that velocity differentials in the stream cross-section are the predom ­
inant factor causing the dispersion. This consideration leads to the formula
m 2fx-V I, \ 2
r * \ v T )
S  =  - £  (2)
BD \Z tt RVt
in which
In this expression Vmax represents the maximum velocity in the stream cross 
section, and V represents the mean velocity; m  is a num ber that has no 
physical dimensions, and other symbols are as noted previously. Other 
form ulas were developed fo r  lateral and vertical dispersions and for con­
tinuous salinity introduction, bu t these are outside the scope of the present 
paper.
In  Eq. ( 1) the quantity  K x has the dimensions of a velocity times a 
distance, but in Eq. (2) the quantities m  and R  are dimensionless numbers 
of such magnitude that the maximum salinity at any downstream point x  
is approxim ately that which would result if  the quantity  of salt Q were 
distributed uniform ly through the volume BDX . In Eq. (1) the maximum 
concentration is approxim ately inversely proportional to the square root 
of x  ; in Eq. (2) the maximum concentration is inversely proportional to x .
The possibility is now being considered of collecting the details of 
these developments and their extension to two- and three-dimensional cases 
and to the continuous introduction of salinity into a publication of the 
U.S. Geological Survey.
Correlation of laboratory  and proto type data was made through the 
theoretically developed formulas. The laboratory  tests indicate strongly that 
the dispersion is a diffusion process since the m aximum salinity concentra-
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tion is inversely proportional to the square root of the distance.
The quantity Kx in Eq. (1) is not dimensionless bu t depends on the d i­
mensions of the stream. Tests on streams intermediate between the Fort Col­
lins test flume and the Mohawk River will be needed to establish its varia ­
tion with stream size. In this connection it may be noted that the Mohawk 
River tests actually conform m ore closely to Eq. (2) than to Eq. (1 ) .  It is 
supposed, however, that this is due to the complication of conditions on this 
stream. There are four dams in the test reach, the upper two being p a r t  of 
the Erie Canal system. The test was conducted a t a time of low flow when 
the water passed through the power p lants or locks at the two upper dams. 
These p lan ts operated for only a par t of the day. The sewer effluent which 
carried the tracer also formed a density current which flowed to the deepest 
par t  of the channel and along the stream bed fo r  some distance before the 
tracer material became distributed through the cross section.
The ease with which density currents form  was also demonstrated in  a 
striking m anner in the laboratory  tests at Fort Collins. The concentrated salt 
solutions used in these tests were heavier than water and, when the velocities 
were low, they displayed a tendency to go to the bottom of the test flume 
and to remain there.
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D i s c u s s i o n
Norm an Brooks suggested that the dimensionless diffusion coefficient 
can be related in model and prototype as the ratio of length scales times a 
ratio of the shear velocities if the roughnesses are sim ilar. The speaker re ­
plied that it seemed so.
Fred Brown said that the U.S. Waterways Experiment Station is doing 
sim ilar work with tidal estuaries where downstream and upstream flows oc­
curring  at the same time complicate the picture. Dye diffusion, isotopes, and, 
to a limited extent, salt water have been used in the models bu t results are 
not yet available. The speaker commented that fa ir  results have been ob­
tained in the delta area in California by using a diffusion type of procedure.
H. K. Liu commented that the speaker had simplified the complex p ro b ­
lem of diffusion quite a bit and asked if the speaker could furnish the ana ­
lytical approach to the study. The speaker replied that consideration is be­
ing given to publication of the details of the analysis.
D. C. Bondurant commented that a difference had been noted in  the 
velocity distribution in clear and in sediment carrying rivers and asked if
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it had been noted in the speaker’s work with the flume and the open river. 
The speaker said that all of the tests were in clear water, but that the d if ­
ference would have to be taken into consideration as it would change slightly 
the computed constants.
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VERIFICA TION  PROBLEMS IN PAPER MAKING
C h a r l e s  A. L a m b  
Kimberly-Clark Corporation
I n t r o d u c t i o n
Many fluid-mechanics problem s exist in the pulp-and paper-m aking 
process. Those of greatest consequence center in the paper machine itself 
and have a great effect on paper quality  as well as the production potential 
of the machine. Once started, a machine will run continuously for days m ak­
ing rolls of paper from  a fiber slurry that has an original consistency of  
from  0.1 to 1 per  cent by weight. Machines differ greatly in design, but 
have several common functional parts :  (a)  the filtration  of a wet fiber web 
on a moving fine-mesh screen, (b) mechanical pressing for additional water 
removal while on, or between, carrying felts, and (c) final drying by means 
of steam heated dryers. Each of the m any elements on the machine must 
function with a  high degree of safety to insure that the process does not 
break down.
The end objective of fluid-mechanics research is to improve the paper  
quality  at a given production rate or to realize greater production at a given 
quality  level. The overall results must, of course, f it into a favorable eco­
nomic picture. The translation from  basic laboratory  work to final p roduc­
tion application transcends a large num ber of variables that cannot be evalu­
ated with a good degree of certainty. This has two principal effects on re ­
search work. Considerable expense for pilot-plant equipment is justified. 
It is desirable that such pilot-plant equipment, and model components, be 
full scale in cross section and in operating speed. Fortunately, the prototype 
dimensions are such that duplication of cross-sectional scale is quite p rac ti­
cal ; widths are reduced considerably.
The normal process-development procedure is from laboratory theory 
and model work, to pilot-plant trials, then to prototype application. The 
quantity  of work done in each phase is a balance between the increased p re ­
cision that might be obtained and the risk in going to the next stage. It 
should be pointed out that the sequence of laboratory  work, p ilo t-p lan t 
studies, and production application is based on the assumption that the over­
all objectives and problem s in a development are well defined. This is not 
always true. In some instances, considerable time must be spent on p ro to ­
type observations and pilot-plant trials, before a constructive overall p ro ­
gram can be established.
Perhaps the best way, to demonstrate the need for pilo t p lan t components,
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is to discuss briefly some of the more significant development difficulties 
and then present a specific problem  example.
The greatest technical problem  lies in the poor knowledge of flow of 
f iber  suspensions. Some references exist for specialized flow conditions, but 
progress is slow because of the difficulty of m aking hydraulic  m easure­
ments. The fibers hang up and agglomerate on the leading edges of m easur­
ing elements and small-scale flow-control devices. Visual observations are 
usually  not feasible because of the opacity of the slurries. The problem  is 
complicated further by the tremendous variation in the natural and synthetic 
f iber  furnishes and the mixtures in which they are used.
The fibers also enter into the dynamics of the filtration process. In  this 
case the wire screen, with its partia lly  deposited layer of fibers, is an es­
sential boundary  geometry of any flow analysis. Though the drainage re ­
lationships for such a boundary are complicated, sufficient data are avail­
ab le  for approxim ate analytical treatments [1 ,2] .  The problem  differs 
from  the more common porous-flow situations in a num ber of respects. The 
web is compressible so that the resistance of a given pad is a function of 
the total driving force with the concentration of fiber per unit volume in ­
creasing throughout its thickness. In a strict sense, the compaction is not in ­
stantaneous, nor is it completely reversible. Work to date has been with 
relatively thick pads; this has yet to be extended to lighter webs where the 
screen has some effect and a sizable portion  of the fiber fines are not re ­
tained in the web.
A very im portant consideration, which is not altogether technical, is 
how the target of improved paper  quality  is defined. U niform ity of quality  
and uniform ity of paper weight apply  universally to all kinds of paper. 
Beyond these, each paper can, and usually  does, have its own balance of 
desired qualities that are considered to be of greatest value to the ultimate 
user. The intangibles of product design, as well as technical problem s in 
process development, strengthen the need fo r  pilo t p lan t equipment.
A last overall consideration has to do with how improvements are ap ­
p lied  to production machines. A very large par t  of increases in paper  p ro ­
duction is achieved by minimum rebuilds to increase the output of existing 
machines. Due to differences in vintage, machines are seldom duplicates. 
Thus, there is a uniqueness factor for each machine that m ust be considered 
in  all stages from problem  definition to possible compromises in final app li ­
cation.
T h e  “ W e t  E n d ”  o f  a  F o u r d r i n i e r - T y p e  P a p e r  M a c h i n e
The particu la r  example to be presented is “ spouting,” or “ stock jum p,” 
which can occur on high-speed Fourdrin ier-type paper  machines. In the 
light of the previous discussion, it should be pointed out that spouting is not a
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universal problem  on all machines of this type nor is its problem  aspect 
well understood. Thus, the following work was done p rim arily  to help 
achieve a problem definition and point to possible ways of controlling the 
phenomena.
A typical headbox, or inlet, and Fourdrin ier section of a book-paper 
or newsprint machine is shown in Fig. 1 in its simplest form. The widths 
of modern book-paper machines run  to about 20 feet, of new sprint machines
P r e s s u r i z e d  S lu r ry  jet 
h e a d b o x —.  1 /2  inch  thick
P a p e r  w e b  (18% so l ids)  
to  p r e s s  s e c t io n
<— r< ecircu iarea 
__2  F i l t r a t e
F ig . 1. S e c t i o n  o f  R e p r e s e n t a t i v e  F o d r d r i n i e r  f o r  B o o k p a p e r  o r  N e w s p r i n t  
M a c h i n e  ( D i s t o r t e d  H o r i z o n t a l  S c a l e ) .
to about 30 feet. The length of the f la t par t  of the moving wire, or Four­
drin ier section, m ight be up to 65 feet. Speeds of new sprint machines go to 
over 2,000 fpm ; speeds for better grade papers are less than this.
The inlet is a pressurized box that delivers a thin je t (about one half  inch 
deep) of dilute pulp  slu rry  across the machine width. The inlet pressure is 
controlled within narrow  limits so that the slu rry  velocity is substantially 
the same as the velocity of the endless wire-screen that is rotating around 
the Fourdrin ier section. The function of the Fourdrin ier  section is to de­
water the slurry  from  its original consistency of 0.5 to 0.8 per cent to a con­
sistency of about 18 per cent. At 18-per-cent solids the fiber web has enough 
strength to support its own weight over a span of a few inches. Following 
the Fourdrinier, the web is transferred to the press, or felt, section where 
endless felts carry and protect the web while it is m echanically pressed to 
consistencies of 35 per cent or so. Steam-heated drum  driers complete the 
drying of the paper.
Machines differ in detail but have three general functional areas on the 
Fourdrin ier. The slu rry  is very free drain ing when it first lands on the wire 
screen and no deliberate effort is made to remove a great deal of water. 
The slu rry  is allowed a stilling length and the members under the wire are 
p rim arily  to support the wire and remove free water that has drained to 
the underside of the wire. The longer m iddle section of the Fourdrin ier 
consists of “ table” rolls that pum p water out of the sheet; high vacuums
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exist in the leaving nips of the solid rolls. The water removal capacity of 
the rolls diminishes as the slurry  thickens and a section of slotted stationary 
vacuum boxes is necessary for the last length of the wire. The slurry  loses 
its wet appearance and becomes non-reflective before leaving the vacuum 
box area.
S p o u t i n g  o n  t h e  F o u r d r i n i e r
Figure 2 shows spouting which is occurring after the firs t solid table 
roll. This is norm ally the inception point although it can occur where the 
slu rry  jet hits the wire. Unless grooved rolls are very lightly grooved, they 
will not cause spouting; on the other hand they remove much less water than 
solid rolls. The differences between Figs. 2 (a )  and 2 ( b ) ,  which show similar 
set-ups except for the approach flow, explain in par t the inconclusive nature 
of past work or opinions on the mechanism of spouting.
Many photographs of the phenomena exhibit an inversion pattern  of 
the surface depth. Spouts rise from what were previously low streaks, or 
spots, in the flow approaching the roll. This pattern is easiest to distinguish 
when the flow has a predominance of ridges such as shown in Fig. 3.
The suggested mechanism for spouting is shown schematically in Fig. 
4. The region of roll wrap causes a growth in the magnitude of nonuni­
formities; for the sake of simplicity we will again consider them to be p r i ­
m arily  of the ridge type. The most appropria te  reference for fluid being 
accelerated away from its free surface is some work by Lewis and Taylor
F i g . 3 .  P h o t o g r a p h  o f  R i d g e s  R i s i n g  f r o m  L o w  S t r e a k s  ( 3 0 0 0  F r a m e s  p e r  
S e c o n d ) ,  V i e w e d  f r o m  A b o v e .
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[3 ,4] .  They find that the growth of disturbances due to the downward ac­
celeration of the flu id  is given by
- L  = cosJl /  ( g i -g )  ( P 2 - Pi)
vo sh y  \  gl (P1+ P2)
in which t]o =  am plitude of initial disturbance 
A =  wave length of initial disturbance 
s — downward displacement of the fluid 
g =  acceleration of gravity 
gi =  induced acceleration 
pi =  density of upper  fluid 
p2 — density of lower fluid
In the present case, the magnitude of the acceleration ratio is not significant 
because the acceleration of gravity is small in comparison to ga. Densities 
p! and p2 are  fixed with being negligible. On the basis of this equation, 
the total downward displacement and the original scale of the disturbance 
are the only items over which some control m ight be achieved. As an over­
all consideration, it is not possible fo r  this region to cause any slu rry  to 
rise above its original horizontal trajectory.
If  the free surface approaching the point of wire release from the roll 
were completely smooth, there would be no mechanism for spouting. The 
impingement of irregularities of flow onto the released wire results in 
lateral velocity components that in tu rn  collide and cause the spouts, or 
in simple terms, splash. The inception of spouting could be expected to de­
pend on the angle of impingement, the velocity of the slurry, and the char ­
acter of the approach  flow that has now been modified by the preceding 
region. The geometry of the wire, which should be indicative of the im pinge­
ment angle, can be described by considering a free body of the wire over 
the leaving nip. The upw ard components of the wire tension forces must be
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balanced against the pressure integration beneath the wire p lus the changes 
in vertical momentum of the slurry. Taylor [5] has published a theoretical 
basis fo r  determining the pressure distribution in a leaving n i p : 
max. nip vacuum =  % pV2
nip length oc |  ^  (a t this value nip vacuum is max.)
q =  i  ( 0 .5 9 0 ) - ^  R P* + V 3
in which the previously undefined variables are
V — velocity
k = drainage coefficient with a length dimension (higher k 
means more free drain ing)
R  =  roll radius
¡x =  dynamic viscosity
q =  drainage rate
Taylor’s work has been substantiated by Burkhard  and W rist’s experi­
mental measurements in a practical sense, even though there are some ques­
tionable assumptions in the theoretical treatment [6] ,  The relationship of 
T aylor’s theory with impingement angle indicates that spout inception would 
be fostered by increasing speed, increasing roll diameter, decreasing d ra in ­
age resistance, o r  decreasing wire tension. The last of these, wire tension ef­
fect on spouting, is quite well established.
The theories of the growth of nonuniform ity and subsequent splash are 
both related to the amount of wire deflection. The possible variables that 
might be controlled to diminish wrap would also diminish the amount of 
water removal and lengthen the Fourdrinier. The following tests were under­
taken to verify possible means of control and to explore the mechanics of 
the two related flu id  deflections.
P i l o t - P l a n t  F o u r d r i n i e r  T e s t s
The principal group of tests were made on a 19 inches wide, experimental 
Fourdrin ier section. The section was too short to make finished samples of 
paper at the sheet weights of present interest. The web slurry  from  the wire 
was remixed with the f iltra te  and recirculated to the headbox. The recircu­
lation of the long fraction of the fibers with the fine solids that pass through 
the wire prevented the selective build ing of fines that is characteristic of a 
continuous process. It was felt that this did not seriously affect the relative 
results of the tests. Tension of the wire was held constant by means of a 
weighted stretch roll.
The general test layout is shown in Fig. 5. The catch pan was located
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F i g . 5 .  D i a g r a m  o f  H e a d b o x  a n d  C a t c h - P a n  A r r a n g e m e n t .
slightly upstream of the maximum elevation that the airborne slu rry  would 
achieve a t speeds of 1500 to 2000 fpm.
A wire was completely sealed with four coats of H ypalon to check the 
lim iting condition of infinite drainage resistance. The coating was quite 
flexible and did not m aterially  stiffen the wire. No indication of spouting 
was observed with the wire running on a flat table. Hosing of large quantities 
o f  water into the entering and leaving nips had no noticeable effect on this 
stable flow condition. The solid table roll was then raised one inch which 
resulted in an artificial roll wrap of approxim ately two degrees. Comparison 
of these two conditions is shown in Figs. 6 (a) and 6 ( b) .  Note that the wrap 
condition, which corresponds to only the downward acceleration over a 
norm al roll, causes disturbance growth but no signs of an inversion. The 
scale and character of these nonuniformities are shown in Fig. 7 (a )  ; Figure 
7 (b )  shows norm al spouts at approxim ately the same scale. Some of the 
higher areas went off in almost a normal trajectory elevation. The immobility 
of the headbox structure made it impractical to m aintain sim ilar approach 
flow conditions on a more steeply sloped wire so further increments of wrap 
were not tested.
A norm al wire was then installed with the table again in its f la t  position. 
Runs were made at constant speeds with inlet consistency as the controlled 
variable. The determinations of airborne slurry  resulted in the curves 
shown in Fig. 8 . The four-inch increments of the catch-pan opening were
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Roll
( a )  P l a n e  W i r e .
Roll
( b )  T a b l e  R o l l  R a i s e d  t o  G iv e  T w o  D e g r e e s  o f  W i r e  W r a p  o n  R o l l .
F i g . 6. P h o t o g r a p h s  o f  F l o w  o n  C o m p l e t e l y  S e a l e d  W i r e
too coarse to give a significant distribution of the airborne fractions. No 
measurable slurry  was obtained in even the second opening until the 500- 
cubic-centimeters-per-second level was reached. 100 cubic centimeters per 
second is equal to approxim ately  0.25 per cent of the headbox discharge. 
Each increment of 0.1-per-cent increase in inlet consistency had a quieting 
effect on the jum p equivalent to about 100-feet-per-minute drop in speed.
The effect of roll diam eter was investigated by replacing the 13-inch 
roll with a 5-inch one. The 5-inch roll gave no m easurable jum p within 
the speed range previously investigated with consistencies to less than half 
a per cent. The slurry immediately downstream of the roll was observed 
to be quite “wild,” however.
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S m a l l - S c a l e  M o d e l  T e s t s
It was not possible to isolate the impingement aspect of spouts on the 
test Fourdrinier. This was done in a qualitative way by utilizing a simple 
jet-deflection flow section shown in Fig. 9. The top profile  piece was 
selected on the basis of its simplicity as well as the fact that it is somewhat 
representative of the flow approaching  the end of the roll wrap. The one- 
inch spacing of the teeth was of the same order of magnitude as some of 
the ridges observed in the earlier trials. The section was made quite close- 
coupled to minimize possible boundary-layer and edge effects. No separation 
was observed in the contraction, although some disturbance may have re­
sulted from the three-dimensional f lar ing  of the curve.
( a )  G r o w t h  o f  N o n u n i f o r m i t i e s  w i t h  S e a l e d  W i r e . W i r e  W r a p  o n  R o l l — T w o
D e g r e e s .
F i g . 7. C o m p a r i s o n  o f  S p o u t i n g  C h a r a c t e r  A p p r o x i m a t e l y  18  I n c h e s  D o w n s t r e a m
f r o m  T a b l e  R o l l .
The splash of the jet with an impingement angle of 6°50 ' is shown 
in Figs. 10(a) and 1 0 (b ) .  (This angle is of the p roper  order of magnitude 
for our wrap considerations.) Several measurements were made for this 
condition. The quantity  of water rising in the spouts was determined by
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holding a scoop down to the bottom of the spout at a point 1 inch from  the 
end of the lucite section. The results are shown in Fig. 11. Spout (b) was 
less symmetrical than the others. The rise angle of the spouts was deter­
mined from  photographs. This angle was 9°37 ' relative to the six-inch 
bottom piece at 1500 fpm  and 10°33 ' at 2500 fpm.
Downward deflection of the jet is shown in Fig. 12. At any downward 
angle the deflection of the top of the ridges was quite minor.
E n e r g y  D i s s i p a t i o n  i n  S p o u t i n g
An im portant consideration in spouting is the possible energy loss that 
may result from  the mechanism. The tests on the 6-inch flow section, with
F i g . 7  ( b )  N o r m a l - T y p e  S p o u t s .
its simplified ridges, suggested a mechanism of energy exchange without 
an immediate consideration of internal losses in the slurry. A net loss in 
forw ard momentum of the slurry  can occur even if the internal losses over 
the roll and through the splash are negligible. The energy, hence velocity, 
of the fluid can be constant, but the impingement of the ridges will result 
in par t  of the flow having significant lateral velocity components. The net 
loss in machine-direction momentum could be computed if the flow after 
impingement could be described in detail. The Fourdrin ier wire must
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CONSISTENCY OF SLURRY IN HEADBOX (% BY WT.)
F ig . 8. Q u a n t i t y  o f  A i r b o r n e  S l u r r y  vs. C o n s i s t e n c y  o f  S l u r r y  i n  H e a d b o x .
then supply  the energy necessary to bring the slurry  back up to wire speed.
Momentum losses can be computed from practical measurements, if  
one more step is taken. The quantity and upw ard velocity of the airborne 
slu rry  is the same as the lateral velocity pattern  if the lateral flows collide 
with no internal losses, negligible surface tension restraint, and in a  sym­
metrical manner. The rise angles in the 6-inch flow section indicate that 
the rising fluid has lost 1.7 per cent of its horizontal velocity component 
at 2500 feet per minute. The horsepower necessary to bring  the airborne 
portion back to wire speed would be 0.005 H P per foot of width at 1500 
fpm  and 0.022 H P at 2500 fpm  (this assumes all of the fluid is rising at the 
same ang le) .  Values fo r  the pilo t p lan t test can be computed by using
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the maximum elevation of the spout trajectories. At the 600-cubic-centi- 
meter-per-second airborne-slurry level and 2000-fpm screen speed, a portion 
of the slu rry  had risen 6 inches and lost 1.5 per cent of its horizontal velocity.
I n t e r p r e t a t i o n  o f  R e s u l t s
The regions of nonuniform ity growth and splash will be discussed sep­
ara tely  before considering their composite. The tests to attempt a separation 
of the two occurrences were directed p rim arily  at spouting after solid table 
rolls, but they are of more general application to instability on the Four- 
drinier. For example, the rebound aspect can occur as an isolated case, if the 
jet from the headbox strikes the wire at too steep an angle.
Growth of nonuniform ities in a region of downward acceleration is per ­
haps an understatement. Some of the higher nonuniformities had very little 
downward deflection when observed on the sealed wire test with 2° of 
artificial wrap. Normal roll wrap at these speeds would be about three times 
this value [6], This was also substantiated through the observations on the 
6-inch flow section. The limited degree of flow deflection explains the 
second pressure peak of Burkhard and W rist’s pressure profile m easure­
ments [6] through a roll nip. As the flu id  becomes more loosely associated 
with the bottom surface, it causes less vacuum due to centrifugal force. 
An isolated splash could be obtained only in the 6-inch flow section. By 
necessity the approach flow was an idealized pattern being somewhat repre­
sentative of true scale only in two dimensions. The rise angles of the splash 
and the fractions of air-borne water were found to be quite constant in the 
1500- to 2500-fpm range for a given impingement angle. This indicates that 
internal losses, surface tension, and gravity are of relatively m inor im ­
portance. This conclusion should not be extrapolated to slu rry  on the wire
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( a )  15 0 0  f p m .
F i g .  10. J e t s  W it h  D e f l e c t i o n  A n c l e  o f  6 ° 5 0 '  (O ne M i c r o s e c o n d  E x p o s u r e ;  
0 . 0 4 - p e r - c e n t  C o a t i n g - C l a y  S o l i d s  A d d e d  f o r  F l o w  V i s u a l i z a t i o n )
without further studies. F iber content in the flu id  could cause a dam ping 
effect on the splash. Investigation of this aspect would have required addi­
tional refinements to the 6-inch flow section and measuring means. A com­
parison of the surface smoothness between the two cases showed appreciable 
differences; the approach flow in the 6-inch section had a very fine scale 
surface roughness.
It is difficult to give any experimental proof that the airborne fraction 
of the liquid has a lower velocity component in the horizontal direction 
than the rest of the flow. The original argument was that the maximum 
efficiency of the splash would be one of constant energy. Since this occurred 
with a change in direction, par t  of the momentum in the direction of the 
flow has been lost. (This is not quite like the case of a jet im pinging on a 
f la t surface since some force is created at the curvature point.)
The backward lean of spouts and splash nonuniform ities would sup­
port the velocity picture if one could say that each came from the same 
source. This is probably  true but was not verified in detail. A ir d rag  would
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F i g . 10 ( b ) .  2 5 0 0  f p m .
also retard the air-borne liquid. Rough estimates of a ir  d rag  indicated 
significant, but not m ajor effects.
A lengthy discussion of energy dissipation, or exchange, due to splash 
would be nebulous. The values presented here could greatly underestimate 
true magnitudes because of the assumptions that were necessary to facilitate 
calculations. The only quantity that can be given a specific significance 
is the loss in machine-direction velocity of the airborne liquid. This portion 
of the slurry  will exert a d rag  when it returns to the wire— a drag  that can 
be compared with the control tolerance on the slurry  discharging from the 
headbox. The control limits on the discharge from the headbox may be as 
low as ±  y<> per cent fo r  better grade papers; if  the difference between 
slu rry  and wire speed is greater than this the pape r  suffers in quality. A 
good share of the airborne slurry  is out of these control limits and could 
affect paper quality for this reason.
Movies and still photographs of flow over solid table rolls exhibited 
the distinct regions of nonuniform ity growth and subsequent splash quite 
well. It was more apparen t in low areas than for higher ridges. H igher ridges 
would frequently carry  far ther  downstream from  the ro ll ;  this m ight be
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F i g . 11. D i s c h a r g e  R i s i n g  i n  S p o u t s  v s .  V e l o c i t y — 6 ° 5 0 ' - D e f l e c t i o n  A n g l e .
expected because of the limited downward deflection of ridges. Air bubbles 
in the slurry  are excellent inception points fo r spouts, but their  population 
was not sufficient to have any significance in these tests. None of the obser­
vations indicated that the surface condition was being governed by flow in 
the entering or leaving nips right under the wire [5],
The tests of different roll sizes, drainage resistance, and headbox con­
sistency behaved as predicted; that is, conditions that gave more water re ­
moval were also more conducive to spouting. U nfortunately, this does not 
allow much latitude in reducing spouting on present machines.
Roll diameters and wire tensions are dictated by structural considera­
tions. The slurry  composition and the wire resistance are dictated prim arily  
by product design; so these items, with their effect on drainage resistance, 
cannot be used as a control means. The problem  is one of compromising 
the necessary water removal against inception or m agnitude of spouting. The 
amount of water to be removed can be diminished by increasing the fiber 
consistency in the headbox slurry, but this has adverse effects on paper 
quality  after a certain level is reached.
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F i g . 12. J e t  w i t h  D e f l e c t i o n  o f  3 °  B e l o w  L e v e l .
Work to establish the relationship of approach flow to spouting could 
result in significant design improvements. Many machine limitations that 
are attributed to spouting could be due to the fact that a poor flow condi­
tion from  the headbox is being exaggerated by spouting or is, perhaps, 
causing it. A technical background of this aspect would do much to deter­
mine where and how much money should be spent to upgrade a machine.
On a longer-range basis, it would be well to consider the general aspects 
of free-surface stabilities rather than just the solid table rolls. Other types of 
drainage elements have higher incipient spouting speeds, but all result in 
some degree of wire deflection.
The course of the previous discussion emphasized most of the general 
problem s presented in the introduction. The phenomenon of spouting, which 
can be described quite simply, was shown to involve m any unknown re la ­
tionships. A precise knowledge of each would require a great deal more 
research work. A m inor num ber of p ilo t p lan t tests made it possible to 
define these areas and also produced a framework of knowledge that was 
adequate for suggesting several development programs.
The translation of the problem  to paper quality was not supported by
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specific results because of limitations to the pilot-plant Fourdrin ier length. 
Furtherm ore, such evaluation would be quite specialized and beyond the 
intent of this paper.
C o n c l u s i o n s
Pilot-plant equipment, which is essentially full scale in cross section 
and speed is highly desirable fo r  paper-making process development. The 
problem  of spouting on the Fourdrin ier demonstrated how such equipment 
defines technical problems for laboratory  study and at the same time facili­
tates a semi-empirical approach to development work.
Spouting was found to be best described as a splash resulting from  non- 
uniform  flow impinging on the wire. Inception of spouting was found to 
be largely dependent on geometric conditions. Additional work is needed 
to verify whether internal resistance, surface tension, and gravity restraint 
are negligible at higher machine speeds.
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D i s c u s s i o n
John McNown commented that the speaker had pointed out clearly that 
one of the m ajor  problems in attem pting a model study is often the inability  
to understand all of its complexities. E ffort must first be directed toward 
demonstrating what the various aspects of the problem  are before proceeding 
to model some of them. The production of a wide, high-Froude-number, 
uniform jet is in itself difficult.
G irrard  Calehuff asked if the possibility of deleterious effects from the 
landing of the drops had been considered. The speaker said that this possi­
bility led to the attempt to compute the loss in velocity. As it gets toward 
the end of the wire the jum p becomes a little m ore severe and formation 
falls off. In one instance it was necessary to reduce the tension on the wire 
screen.
W. D. Baines said that the photographs illustrate what paper makers 
mean when they say they are making paper of raindrops not pulp . I t is 
quite a spectacular display to see the spouts jum ping and the droplets travel­
ing several feet before landing and leaving a weakened spot in the paper. 
He stated that the spouts are rich in the fine p a r t  of the stock and that the 
heavier and bigger fibers do not seem to get into the spout. He asked if 
this could be explained in terms of the speaker’s hypothesis. He added that 
the hypothesis that the spouts are caused by centrifugal acceleration has 
several defects as the speaker pointed out. The speaker replied to the ques­
tion about the fines in the drops by saying that he could not explain it. He 
added that there is an instability underneath the wires which are curving 
and, if there is very little stock on the wire, the instability underneath shows 
up on top.
Alfred Nissan asked two questions: first, are there any beneficial effects 
from the drops which may compensate for their deleterious effects, as Rey­
nolds theorized that rain calmed the sea by dissipation of energy and m o­
mentum; and second, does there seem to be a periodicity in the ridges before 
they break into spouts, a periodicity which may be related to the curving of 
the wire screen? The speaker replied that these were things that were not 
looked into. He added that the inlet used is one-half scale and is more or 
less standard for the machine. The questioner commented that, if  it were 
the inlet condition, one would expect a random distribution unless there 
was a uniform distribution from  the paper rolls which would give another 
periodic disturbance. The speaker said that this had not been checked.
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WATER IMPACT LOADS ON PRISM A TIC BODIES
M e l v i n  E. H a t h a w a y  
National Advisory Committee for Aeronautics
I n t r o d u c t i o n
The overall objective of NACA hydrodynam ic research, which must be 
kept in mind during all stages of our work, is to obtain and present in for­
mation which will be of use to a designer in build ing an adequate or better 
vehicle for operation on water. In these days especially, the vehicle may be 
of almost any shape from that required for seaplane hulls, to floats fo r  a 
helicopter, or even the nose cone of a space rocket. The vehicle m ay have 
almost any weight or loading from tons per square foot on a hydro-ski or 
nose cone, to a few pounds per square foot on a helicopter float. The body 
may strike the water in free fall or it may be largely supported by wings or 
parachute. It may strike vertically or tangentially, and the water surface is 
practically  never smooth but of varying roughness. To make things really  
complicated, the body is not rigid but is usually  an extremely complex elastic 
structure having m any modes of vibration. Some modes of large am plitude 
will affect the behavior and applied  loads, and others will affect only the 
stresses and fatigue life of the structure. To investigate all these problems 
in detail is impractical. To a considerable extent the work consists of test­
ing quite rigid, dynam ically sim ilar models of ra ther  specific characteristics 
and under greatly simplified conditions. These tests can only yield approx i­
mations as to behavior and loads of the full-scale vehicle under actual oper­
ating conditions. F light tests are therefore required as a final step in verify ­
ing the results. Although most of the research is experimental, considerable 
effort has been devoted to analytical investigations of certain simplified 
cases of shape, structure, and conditions, since advances in generalization and 
prediction result in tremendous savings in test effort.
The theoretical work on water impact loads has been substantially limited 
to consideration of loads on rigid prism atic bodies having straight-sided V- 
bottoms, and the data to be presented are fo r  fixed-trim impacts in smooth 
water. Expressions fo r  the generalized variables are given but equations of 
motion, derivations, and detailed discussions of theory will be found in the 
references. A complete list of symbols is given at the end of the paper.
F igure 1 shows the im portant variables and illustrates the treatment 
of impacts on waves. We assume a rigid body whose weight JF is at all times 
balanced by a force L applied  by a wing or other lifting device. The body
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a = WAVE SLOPE AT POINT OF r  -  a = EFFECTIVE TRIM ANGLE 
IMPACT 
Y +  a  = EFFECTIVE FLIGHT PATH 
r  = TRIM ANGLE 
/  = FLIGHT PATH ANGLE 
W = LANDING WEIGHT
VR = RESULTANT VELOCITY Vp = VELOCITY PARALLEL TO
KEEL
-,VN = VELOCITY NORMAL TO KEEL
F i g . 1. D e f i n i t i o n  S k e t c h .
is at a trim  angle t  and has a velocity VR which is at an angle y to the hori­
zontal. Contact with the water is made at a point on a wave where the local 
water surface has a slope a. The wave whose surface has the slope a is as­
s u m e d  to be sufficiently large to perm it the full length of the model to be 
immersed in an approxim ately p lanar  surface and each contact with the water 
is considered to be an isolated impact having its own initial conditions which 
are either assumed or obtained from  dynamic model tests. The loads de­
veloped by this impact on a wave are considered to be the same as those fo r  a 
smooth water impact having the same attitude and velocity components taken 
with respect to the water surface. In  some cases, an additional refinement 
consists in combining the orbital velocity of the water at the point of contact 
with the velocity components of the body. The treatment of rough water is 
thus reduced to considering only smooth water impacts having an effective 
trim angle r  — a and an effective flight path angle y +  a  with all initial 
conditions a rb itra ri ly  determined from dynamic model results or full-scale 
operational data.
The geometry of a smooth water impact is shown in Fig. 2, where a por­
tion of a flying-boat hull is indicated. For some distance forw ard from the 
step, the bottom is assumed to be a flat-sided wedge having an angle of dead 
rise ¡3 with the axis or keel inclined to the water surface at an angle r. This 
wedge makes contact with the water at a velocity VR inclined to the water 
surface at an angle y. The velocity components in space are VH the hori­
zontal and Vv the vertical. W ith respect to the keel of the body, the resultant
L= WING LIFT




F i g . 2. G e o m e t r y  o f  I m p a c t .
velocity has a component normal to the keel F w and along the keel VP. The 
definitions of approach param eter k  and Froude load coefficient Ca  should 
be noted since they will be needed to in terpret the following figures.
The early  impact theory of Karm an [1] was based on the principle of 
conservation of momentum throughout the impact. P rio r  to im pact all m o­
mentum is associated with the body, but as the wedge becomes immersed par t 
of the momentum is im parted to a mass of water which is in contact with the 
bottom and which has the same velocity as the bottom. With a constant m o­
mentum, increased mass required a decreased velocity fo r  the system and 
the change of momentum of the body alone defined the force on the body. 
K arm an proposed an attached or virtual mass equal to the mass of a h a lf ­
cylinder of water having a diameter equal to the instantaneous width of the 
wedge in the plane of the undisturbed water surface.
W agner [2,3] obtained improved values for the virtual mass by taking 
into account the rise of the water surface near the wedge. Pabst [4] and 
others made contributions which improved the agreement between theory and 
experiment, if the resultant velocity was normal to the keel.
It was pointed out by Mayo [5] of the NACA Im pact Basin that velocity 
along the keel resulted in virtual mass and momentum being shed from 
the step and left behind in the wake. His equations, still based on momentum 
considerations, included the effect of velocity along the keel and are valid
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for the entire range of oblique impact.
Derivation of a factor « which relates the combined effect of velocity 
components normal to and along the keel, together with a generalization of 
the equations, was given by Milwitzky in a report [6 ] which also takes into 
consideration the effects of finite chines. When the water surface, including 
water rise, reaches the edge of the bottom at any section, the virtual mass 
fo r  that section no longer increases but remains constant during  any subse­
quent penetration and the water loads on the submerged sections are de­
creased.
Further investigations of loads and motions of bodies having deeply im­
mersed chines have been carried out by Schnitzer [7 ] ,  Shuford [8 ] ,  and 
others. Research on this class of bodies is being pursued because of the 
large reductions in loads which can be achieved by limiting the size of the 
body striking rough water at high speed. It should be mentioned that, for 
the same reason, research on hydrofoils also is being vigorously pursued by 
W adlin and others [9] at the NACA and elsewhere.
A n a l y t i c a l  a n d  E x p e r i m e n t a l  R e s u l t s  
Impact Without Chine Immersion
The next eight figures are based on il lustrations from Milwitzky’s report 
in which he derives the results and presents them in more detail than can 
be done here. The basic assumptions to be remembered are that the body 
is a rigid wedge of sufficient width that the chines do not become immersed, 
has a fixed angle of dead rise and a finite trim angle which remains con­
stant throughout the impact. It is fu rther assumed that gravitational and 
viscous forces are negligibly small in comparison with the inertial forces.
The relationship, in a generalized form, of the variation of d raft with 
time during an impact is shown in Fig. 3. The ordinate is the generalized 
d raft which is defined as the product of the instantaneous d raft and a func­
tion of the initial conditions. The abscissa is generalized time which is de­
fined as the product of time, measured from initial water contact, and a 
function of the initial conditions. Computed curves are shown for several 
values of «; the points are measured experimental values m ultip lied  by the 
app rop ria te  function of the initial conditions. These experimental data were 
obtained at the NACA Im pact Basin from large models which were tested 
a t  weights of 1000 to 2500 pounds. The range of test conditions was greater 
than can be obtained in flight tests since they were not limited by considera­
tions of pilot safety. Specialized equipment and instrum entation were used 
to control the conditions and to measure the transient loads and motions with 
considerably greater accuracy than can be obtained during  flight tests. Com­
parisons of flight-test and Impact Basin data fo r  the same test conditions 
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F i g . 3 .  D r a f t  V a r i a t i o n  w i t h  T i m e — W i t h o u t  C h i n e  I m m e r s i o n .
Basin data shown here is good for all practical purposes. Detailed study in ­
dicates that the m ajor discrepancies shown are due to fundam ental short­
comings in equipment and instrumentation, such as mechanical friction and 
time lags in the instruments.
A num ber of observations can be made from the definitions of the gen­
eralized variables shown on this figure. One can see that for each value of 
k there is a single displacement curve but that any value of k  can be ob­
tained from various combinations of trim  angle r  and flight-path angle y.
Inspection of the definition for d raft  shows that for a given body geo­
metry and k, i.e., for fixed values of dead rise, trim and flight-path angle, 
the d raft d is independent of speed and varies directly as the cube root of 
the loading or mass of the model ¿Ca1/3. To be noted is the fact that Ca 
contains b3 in the denom inator so that b d isappears from  6Ca1/3 and for 
prisms without chine immersion the draft is completely independent of the 
geometric beam. In other words, the d raft and wetted beam depend solely 
on the weight and geometry of the body and flight path. For the same fixed 
geometry the time t to any stage of the impact also varies directly with the 
cube root of the loading, but it also varies inversely as the vertical velocity.
Changes of d raft or time associated with changes in geometry are much 
more complex, and appropria te  values of k and /[r , /? ]  must be used. The 
function of r  and /3 includes the effect of dead rise and aspect ratio as well 
as trigonometrical functions of r.
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Discussion and suggested values fo r  this function of r  and ¡3 are contained 
in several of the references and for these data specifically in Milwitzky’s 
report. The function is left in a general form fo r  the purpose of using im­
proved values as they are derived or obtained experimentally.
_L
bCA3 f ( r , / ? )
F i g . 4. V a r i a t i o n  o f  V e r t i c a l  V e l o c i t y  w i t h  T i m e — W i t h o u t  C h i n e  I m m e r s i o n .
In Fig. 4 the variation of vertical velocity with time which occurs during 
an impact is shown. The ordinate is the ratio of vertical velocity, a t any 
instant during  the impact, to the initial vertical velocity. The abscissa, as in 
the previous figure, is the generalized time T. The lines have been com­
puted fo r  several values of k  and the points are m easured values obtained 
experimentally  at the corresponding values of k. The agreement between 
theory and experiment is good during most of the impact but the measured 
upw ard velocity at and near exit is considerably less than the computed 
velocity. These differences are known to be largely due to unavoidable iner ­
tia, friction, and pressure losses in the apparatus  used in the experiments at 
the Impact Basin to simulate wing lift.
The variation of acceleration with time for several sets of initial condi­
tions k is shown in Fig. 5. The abscissa is again generalized time and the 
ordinate is generalized acceleration. Curves are shown fo r  several values of k  
and the points are measured values for k of approxim ately 0.5, 2, and 10.
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F ig. 5. V a r i a t i o n  o f  A c c e l e r a t i o n  w i t h  T i m e — W i t h o u t  C h i n e  I m m e r s i o n .
As in the previous figure and fo r  the same reasons, the largest difference be­
tween computed and experimental values is found in the latter stages of the 
impact near exit. From the expression for generalized acceleration, it can be 
seen that, fo r  a given body geometry (/[r , /?]  = constant) and set of initial 
f light conditions (k = constant), the acceleration varies directly with the 
square of the initial vertical velocity ( Vvo2). As in the case of the draft, 
b d isappears from  the expression bC\V3 so that the acceleration is also 
completely independent of the beam and varies inversely as the cube root 
of the weight.
Since all the generalized variables are based on the initial downward 
velocity, all the generalized curves may be interpreted as corresponding to 
dimensional curves for impacts with the same downward velocity but d if ­
ferent flight path angles and, therefore, different forw ard speeds. In this 
case the effect of k on the dimensional variables is the same as on the gen­
eralized variables.
On the other hand, if the resultant velocity were to be considered con­
stant and the flight path  or downward velocity were allowed to vary, the 
dimensional curves fo r  different values of k would not have the same re la ­
tive shapes as the generalized curves.
Figure 6 shows the variation with k  of draft at maximum acceleration and
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F i g . 6. D r a f t  V a r i a t i o n  w i t h  A p p r o a c h  P a r a m e t e r — W i t h o u t  C h i n e  I m m e r s i o n .
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at maximum draft. The ordinate is the generalized d raft as in Fig. 3 but the 
abscissa is the approach param eter k. The curves have been computed from 
theory and the points again have been obtained from measurements made 
during tests of several prismatic bodies. All the data obtained during several 
years of testing are here shown condensed to single curves. The test data 
cover a considerable range of shapes, weights, velocities, and flight-path 
angles. Logarithmic scales are used in order to spread out the test data and 
to emphasize the differences in the various stages of the impact. The scatter 
of the mass of data is about the same as the scatter of data from each test.
This figure shows, as might be reasonably expected, that the greater 
drafts occur at the higher flight-path angles which are associated with small 
values of k. Similarly, the difference between maximum draft and the draft 
at the instant of maximum acceleration is greatest at low values of k which 
correspond to drop tests, decreases as the flight-path angle is reduced, and 
is quite small fo r most flight-test data.
The expression for generalized draft indicates that for any given value 
of k  the absolute draft, at any stage of the impact, is independent of the 
magnitude of the initial velocity and the size of the prism. This fact is borne 
out by the test data, which include an 8 to 1 velocity range. This figure also 
indicates that the maximum draft at low values of k  tends to be slightly less 
than that specified by theory. This might be expected since the theory neg­
lects the lift due to buoyancy, which becomes appreciable at deep drafts.
Generalized vertical velocities at the instants of maximum acceleration
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F i g . 7 . V a r i a t i o n  o f  V e l o c i t y  R a t i o  w i t h  A p p r o a c h  P a r a m e t e r —
W i t h o u t  C h i n e  I m m e r s i o n .
and exit are indicated in Fig. 7. The ordinate is the ratio of vertical velocity 
at a given instant to the initial vertical velocity and the abscissa is again the 
approach param eter k. The experimental points scatter about the theoretical 
curves and at low k measured velocities at exit have been omitted as not 
applicable, since after maximum acceleration the chines or edges of the 
prism s become immersed, thus violating the requirement of fixed geometry. 
The scatter evident in the test data is largely due to the errors inherent in
APPROACH PARAMETER, K
F i g . 8. V a r i a t i o n  o f  M a x i m u m  A c c e l e r a t i o n  w i t h  A p p r o a c h  P a r a m e t e r —  
W i t h o u t  C h i n e  I m m e r s i o n .
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F i g . 9 .  A c c e l e r a t i o n  a t  M a x i m u m  D r a f t  a s  a  F u n c t i o n  o f  A p p r o a c h  P a r a m e t e r —
W i t h o u t  C h i n e  I m m e r s i o n .
correlating independent measurements from instruments having small but 
appreciable time lags.
The variation of maximum acceleration with the approach param eter k 
is shown in Fig. 8 in which the ordinate is the generalized acceleration. The 
scatter of the experimental points about the theoretical line indicates reason­
able agreement for the entire range of parameters investigated. Improve­
ment in instrumentation during  these tests resulted in substantially less 
scatter of the latest data points, which are not specifically identified on this 
figure. Some of the data spread below the curve may also be due to load re­
ductions resulting from a small amount of chine immersion.
The same theoretical curve of maximum acceleration is shown as a dashed 
line in Fig. 9 ; the solid line is the theoretical variation of acceleration at 
maximum draft d with the approach param eter k .  It should be mentioned 
again that a considerable amount of data at small values of k have been 
omitted because of the large chine immersion which occurred after maximum 
acceleration but p rio r  to maximum draft. A substantial amount of chine im­
mersion reduces the maximum acceleration but increases the acceleration at 
maximum draft so that data having various amounts of chine immersion 
would tend to fill in the area between the curves shown here.
F igure 10 shows the variation of time T  with approach param eter k  for
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Fic. 10. T i m e  V a r i a t i o n  w i t h  A p p r o a c h  P a r a m e t e r — W i t h o u t  C h i n e  I m m e r s i o n .
the instant of maximum acceleration, maximum draft, and exit. The ordinate 
is generalized time, which is defined as the absolute or elapsed time from the 
instant of contact, m ultiplied by a function of the initial conditions for the 
impact. The experimental data are in substantial agreement with theory and 
much of the scatter can be attributed to errors in picking the instant at which 
each event occurred. Even a slight am ount of structural oscillation can dis­
tort a record and make time determinations inaccurate, especially if  the 
record peak is broad or flat.
It may be of interest that at zero value of k, because of the omission of 
buoyancy, the theory predicts that maximum draft would never be reached 
and the data on this figure show steadily increasing time to reach maximum 
draft as k  becomes small. This figure also shows the small difference in 
time between maximum acceleration and acceleration a t maxim um  draft 
fo r  the large values of k  which occur as the planing condition is approached.
The data presented up to this point have been for lightly loaded prisms 
which do not have the chines or edges immersed in the water at any stage of 
the impact. For this condition the m agnitude of the loads and motions in ­
creases rapidly as the severity of the approach conditions, speed and flight 
path, increases. Chine immersion p r io r  to maximum load can substantially 
decrease the loads and is, therefore, of practical interest to designers.
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Impact with Chine Immersion
The next figures are sim ilar to those which have been shown but are 
fo r heavily loaded prisms which have their chines immersed early in the 
impact before maximum load is reached. These figures are based on a report 
by Schnitzer [7 | and on data which are being prepared for publication by 
Markey of the NACA.
Before examining the nexl figures in detail it should be pointed out 
that, although the same generalized variables are used, the functions of trim 
and dead rise are different for the lightly loaded and for the heavily loaded 
prisms. For instance, in the lightly loaded case, i.e., without chine immersion, 
the aspect ratio of the wetted surface remains constant throughout the im ­
pact under the assumption of fixed trim  and dead rise. In the heavily loaded 
case, however, the aspect ratio varies continuously with draft but the function 
of aspect ratio approaches unity at moderate drafts and remains there for 
deeper immersions. The expression for k is the same but the effect of k  
on loads and motions is somewhat different fo r the two cases. The effect of 
loading is also different in the two cases. The expression fo r  the effect of 
loading is 5 C a 1/3 for the non-immersed case and ¿>Ca1/2 fo r  the deeply 
immersed case.
In connection with Fig. 3, impact without chine immersion, attention was 
called to b3 in the denom inator of the expression for Ca and it was shown 
from 6 C a1/3 that the absolute acceleration was independent of the beam 
and varied inversely with the cube root of the weight. In  the chine-immersed 
case 6 C a1/2 reduces to ( W / b ) 1/2 which shows that absolute acceleration 
varies directly with the square root of the geometric beam and inversely 
with the square root of the weight. Large reductions in acceleration can be
F ig. 11. A c c e l e r a t i o n  V a r i a t i o n  w i t h  T i m e — I m m e r s e d  C h i n e s .
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obtained by reducing the beam as well as by increasing the loading or sharp ­
ening the dead rise.
In  Fig. 11 the variation with time of the acceleration of a chine-im­
mersed body having a f lat bottom /? = 0 is shown. The ordinate is the 
generalized acceleration and the abscissa is generalized time. Different 
geometries are provided for in the function of trim  and dead rise / ,  ( t ./3 ) 
for chine-immersed bodies. Theoretical curves are shown for four values 
of k ; those for k = 0 and k = 3 are considered to be approxim ately the 
limit of applicability  fo r  the chine-immersed impacts. The range between 
them, however, is quite large and includes most of the severe impacts. The 
experimental points fo r  « = 1 and k — 2 are for single impacts but are 
typical fo r  all the test results.
These points do not show quite as good agreement with theory as did 
those for the non-chine-immersed case shown in Fig. 5. There is some 
tendency fo r  theory to give low values for the acceleration early  in the 
im pact and high ones late in the impact.
The variation with approach conditions of the draft at the instant of 
maximum acceleration is plotted on logarithmic scales in Fig. 12 fo r  reasons 
previously mentioned. The ordinate is the generalized d raft at the instant 
of maximum acceleration. The curve has been computed from theory and 
the points are from  tests of a flat-bottom model. The rather wide scatter 
of the data is due to inaccuracies in time correlation of the d raft and ac­
celeration records, but the theoretical curve is definitely high, especially 
for values of k above 3.
F igure 13 shows the variations of maximum draft with k fo r  chine- 
immersed prisms. The solid line computed from  theory shows somewhat
P --0
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F i c .  12. V a r i a t i o n  o f  D r a f t  a t  M a x i m u m  A c c e l e r a t i o n  w i t h  A p p r o a c h  
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F i g . 13. M a x i m u m - D r a f t  V a r i a t i o n  w i t h  A p p r o a c h  P a r a m e t e r — I m m e r s e d  C h i n e s .
greater drafts than are found experimentally, particu larly  fo r  values of 
k  above 3. The scatter of the experimental points is much less than that 
seen in Fig. 12 since the measurement of m aximum draft did not involve 
the time correlation required for determining the d raft at the instant of 
maximum acceleration.
APPROACH PARAMETER, K
F ig . 14 . V a r i a t i o n  o f  M a x i m u m  A c c e l e r a t i o n  w i t h  A p p r o a c h  P a r a m e t e r —
I m m e r s e d  C h i n e s .
Figure 14, which shows the variation of maximum acceleration with 
k , contains experimental data for both a f la t bottom (j8 ~  0 ° )  and a 30° 
dead-rise bottom. For values of the beam-loading coefficient C a  up to 
500, there appears to be reasonably good agreement between theory and
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F i g .  15. A c c e l e r a t i o n  a t  M a x i m u m  D r a f t  a s  a  F u n c t i o n  o f  A p p r o a c h  
P a r a m e t e r — I m m e r s e d  C h i n e s .
experiment over most of the range of f light conditions defined by k less 
than 10.
The variation with k  of acceleration at the instant of maximum draft 
is shown in Fig. 15; the experimental data are fo r  zero dead rise only. 
The agreement between theory and experiment is about the same as in 
Fig. 14.
C o n c l u s i o n
Two separate sets of theoretical and experimental data have been p re ­
sented for the impact of prisms on a smooth water surface. The firs t set 
was for prisms having edges or chines which remain above the water sur ­
face throughout the impact. The second set of data was for heavily loaded 
prisms having a long length of chine immersed before maximum load was 
reached. There is a rather im portant gap between these two conditions 
where only a relatively short length of chine is immersed. For this -range 
of great practical im portance individual step by step calculations can be 
made but satisfactory generalized results have not yet been obtained. In ­
creases in the landing speed of water-based aircraft, together with increased 
need for operation in rough water or on the open sea, have emphasized 
the need fo r  research on bodies or lifting surfaces of limited length as well 
as of limited width. These lifting surfaces, either hydro-skis or hydrofoils, 
must develop a definitely limited load during and after full immersion 
of the surface while driving through waves, and they must dissipate vertical
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momentum by maintaining an upw ard force a t all depths of immersion. 
Stable configurations fo r  such devices are being established and both 
theoretical and experimental research is being continued by the NACA and 
other investigators.
In conclusion, it may be appropria te  to re-state that the oblique impact 
of prismatic bodies is considered to fall into four classes: nonimmersed 
chines, partly  immersed chines, immersed chines, and fu lly  immersed 
chines and bow. D ata from  impacts of prismatic bodies having immersed 
and nonimmersed chines have been generalized and reasonable agreement 
between theory and experiment has been demonstrated fo r  a large range 
of impact conditions. Some observations of practical significance can be 
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research. This figure shows, for fixed geometry of body and flight, the 
dimensional variables which determine draft, acceleration, and time to 
corresponding points of impact. It can be seen that for both types of impact 
the d raft is independent of velocity, the acceleration varies as the square of 
the velocity, and time is inversely proportional to velocity. The effect of 
weight is, however, d ifferent for the two types of impact. In one case weight 
enters to the I/3 power and in the other case to the 1/2 power. It can also 
be seen that for nonimmersed chines, the size of the body has no effect 
but that for immersed chines the size of the prism enters to the !/2 power. 
I t is this effect of width on acceleration which makes the chine immersed 
body of interest to designers fo r  reducing water impact loads.
S y m b o l s  a n d  D e f i n i t i o n s
A generalized acceleration
bCa1' 3 / ( r , j8 )
nonimmersed chines
bC\1/2 / . ( t , /? )  . ,
=  a -------- —-- ------ immersed chines
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a absolute or measured acceleration, f t /sec2
b beam or width of prism, ft
Ca Froude load coefficient at rest, W /pgb3
generalized draft =  , „ , ——r -  nonimmersed chines 
oC a 7 / ( t ,/?)
=  , ^  , /, f immersed chines
bLA ' fi \T ,p )
d absolute or measured draft, ft
/ ( t,/3) function of (r,/3) for nonimmersed chines
f i ( t,P) function of (r,/?) fo r immersed chines
g acceleration of gravity, f t /se c2
h height of wave, ft
L  lift force applied to prism, lbs
generalized time =  t , _ „„Y?—rrr- nonimmersed chinesfc> 6Ca'/:7(t,/3) 
Vvo
a
=  t i n  °/—7TT immersed chines
W - A  f l \ T , ß )
t time after initial contact with water surface, sec
V velocity, f t/sec
W weight of prism, lbs
slope of wave at area of impact 
ß  angle of dead rise of prism
y flight path angle
k approach param eter = —*— — c o s ir  +  y0)
sin y0
r  trim angle




N  normal to keel
P para lle l to keel
R resultant
V vertical
0 at instant of initial contact
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D i s c u s s i o n
W allis Ham ilton inquired if all of the calculations were based on an 
arb itra ry  am ount of water being accelerated with the wedge. The speaker 
explained that until the velocity component along the keel was introduced 
all of the water was considered to be acting with the bottom. The amount 
of water acting with the bottom was obtained theoretically from potential 
flow theory, and the energy in that water represents that required in setting 
up the flow to infinity. In other words, it is a virtual mass calculation 
based on potential flow which gives the amount of water.
H unter Rouse asked if NACA has made any studies of crash landings, 
that is, landings of land planes on water. The speaker said there had been 
such tests made and they are known as ditching tests. Specific models 
have been tested and information resulting has been incorporated in the 
instructions for operating these land-based aircraft during ditchings. Very 
little of the inform ation has been incorporated in the design of planes, 
but ditchings are so infrequent that one can hard ly  blame the designers 
for not wanting to modify the shape of a fuselage to get a better-behaving 
land plane; so par t of the effort of NACA in connection with the ditching 
of land planes, unaltered, has been to develop and investigate the effect 
of some auxiliary devices which are called “ ditching aids.” They are also 
known as “hydro-flaps” and “hydro-skis.” In the case of m ilitary  aircraft 
merely deflecting a bomb door, or a very little reinforcing with a bomb 
door in the right place, or sometimes a surface that can be extended to give 
some hydrodynamic lift near the bow of the airp lane, makes the difference 
between a m ankiller and a successful ditching. Even a successful ditching 
isn’t very nice. The NACA has also done some work in connection with 
the crashing of land planes prim arily  from the standpoint of the fire hazard 
— that is, the sources of ignition and methods of control of incipient fires 
before they actually  develop. They have also investigated to some extent 
the effect of crashes and the location of the passengers within the airp lane 
during crashes. This is an im portant par t of the impact work being done 
by the NACA.
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Captain W right asked if any observations had been made of the effect 
of impact on water where compressibility effects may be involved. The 
reply was that very little has been done. A ctually the compressibility of 
water enters at speeds approaching  that of sound in water and the speed 
of sound in water is very high. It is only during nearly  f la t im pact of a 
flat body that speeds in water of that magnitude are reached. The instru ­
mentation for the rest of the work has not been capable of handling  that 
condition. The highest-frequency instruments that could be obtained for 
the investigation still were not fast enough to investigate either the water 
or the body. A few feeble attempts were made and, if  there were design 
interest in it, funds p robably  could be obtained to do a little more.
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MODEL AND PRO TOTY PE STILLING BASINS 
J a m e s  W .  B a l l  
U.S. Bureau of Reclamation
I n t r o d u c t i o n
The stilling basin was in existence in natural form long before man 
began to build dams across streams. Streams have always made use of 
natural stilling basins throughout their courses to slow the water after it 
has speeded up through a steep section.
Stilling basins used by man have varied from the natural pool a t the 
toe of the dam or the end of a spillway channel to the modern, well-pro­
portioned, efficient, architectural structure. Many of these basins have 
ably perform ed their  function of dissipating energy and transform ing the 
higher-velocity shooting flow to turbulent flow of non-destructive form, 
while others have failed completely.
Certain relationships must exist among stream velocity, stream thick­
ness, length of pool, and depth of tailwater to have a stilling basin perform  
its function. When the p roper relationship of these factors does not exist, 
aids such as baffle  piers and sills are placed in the basin. The Bureau 
of Reclamation has made numerous investigations over the years on different 
basin designs to establish practical, general design procedures [1 ] ,  Basins 
constructed in accordance with these procedures function as predicted unless 
some flow characteristic of the design is d ifferent from that used in estab­
lishing the procedure. Where such differences are encountered, model studies 
are the most logical approach to a design. In some cases the difference 
is not obvious to the designer, and his structure fails in some way to perform  
its intended function.
There have been a few instances in past years where a stilling basin 
constructed without the benefit of a model study has failed to perform  
properly, and a model study was later made to develop some means of 
correcting the deficiency. Also, there have been deficiencies discovered 
in prototype structures, even though the design was based on the results 
of a well-planned, comprehensive model study. Such cases are rare but 
do exist. Usually the prototype structure has perform ed exactly as p re ­
dicted when the design was based on a comprehensive model study. Five 
examples will be discussed briefly  in this paper.
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M o d e l  S t u d i e s  a f t e r  C o n s t r u c t i o n  
Carter Lake Canal Outlet W'orks
The arrangem ent of the outlet works [2] which supplies water to the 
Saint V rain  Canal from Carter Lake, a reservoir of the Colorado-Big Thom p­
son Project, near Loveland, Colorado, is typical of outlet works used for 
earth and rock-fill dams. The outlet is essentially a gate-controlled tunnel 
passing through the base of the dam with a special intake structure in the 
reservoir and a stilling basin at the downstream end near the toe of the
Normal W.S. El.5759— - -H o is t house
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dam (Fig. 1). In this design two gates are located about midway between 
the inlet and outlet of the tunnel. The high-velocity discharge from the 
gates in the Carter Lake outlet structure flows about 400 feet before it 
emerges into an open-cut channel and enters the stilling basin.
Wherever the tunnel downstream of a control is quite long, the water 
is slowed by friction until the depth and velocity are quite different from 
that immediately downstream of the gates. The stream geometry at the en­
trance of the stilling basin will depend p rincipally  upon the initial velocity 
at the gates, the length of the flow channel between the gates and the basin, 
and the roughness of the flow surfaces. The depth-velocity relationship 
used for a design must be reasonably near  the actual conditions if the basin 
is to perform  properly. This requires knowledge of the friction coefficient 
fo r  the tunnel, or flow channel, downstream from the controls.
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At first thought a value of 0.012 to 0.014 for n in the Manning form ula 
would seem reasonable. However, there is one factor in particu lar  which 
makes the usual values for open-channel flow nonapplicable. The boundary 
layer is substantially destroyed as the flow accelerates through the control 
and must redevelop as the flow moves on downstream. This redevelop­
ment of the boundary layer requires a considerable distance which depends 
on the roughness of the surface and the flow velocity.
The Carter Lake outlet-works stilling basin was designed assuming 
an n of 0.014. The computed velocity of the flow entering the basin using 
this value of n was 39 feet per second. The dimensions of the stilling basin 
required for the velocity-depth relationship obtained in this m anner are 
shown on Fig. 2.
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F i g . 2. C a r t e r  L a k e  O u t l e t - W o r k s  S t i l l i n g  B a s i n — O r i g i n a l  S t r u c t u r e .
When the field structure was operated, conditions in and downstream 
of the stilling basin were extremely rough; in fact, the hydraulic  jum p 
swept completely from the basin at the design discharge of 625 cfs under 
a head of 100 feet which was 59 feet below the maximum (Fig. 3 ) .  Field 
attempts to make the structure operable by placing a log raft at the end 
of the basin and adding sand bags to the downstream canal banks failed; 
so hydraulic model studies were instigated.
The model used to investigate the cause of the deficiency and to develop 
a remedy was constructed on a scale of 1 to 16 (Fig. 4 ) .  The model repre-
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F i g . 3 .  C a r t e r  L a k e  O u t l e t - W o r k s — O r i g i n a l  S t r u c t u r e — J u m p  S w e p t  f r o m  
S t i l l i n g  B a s i n — 6 2 5  c f s .
sented the gates, the downstream horseshoe tunnel, the stilling basin, and 
the Parshall measuring flume downstream from the basin. The initial 
tests on this model verified the prototype action and indicated that the jum p 
would be swept from the basin when the entrance velocity exceeded about 
53 feet per second (Fig. 5 ) .  Since this was much in excess of the velocity 
used for design, field tests were made to ascertain what velocities would 
exist in the prototype structure.
It was impossible at the time of the field tests to release large flows; 
so velocity and depth measurements were made at the prototype tunnel 
portal for one head and one discharge. The average measured velocity 
was about 25 feet per second. The apparen t value of n computed from  this
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F i g . 4. M o d e l  o f  C a r t e r  L a k e  O u t l e t - W o r k s — 1 :1 6  S c a l e .
velocity and depth measurement was 0.008. The entrance velocity at the 
basin for maximum discharge was computed to be 58 feet per second when 
this value of n was used. A velocity equivalent to 60 feet per second was 
used in the model studies to evolve a remedy for the deficiency. Rather 
tranquil flow was desirable at the end of the basin because the Parshall 
measuring flume requires uniform, tranquil approach  flow for best accuracy.
It was desired to retain the general dimensions of the basin and to make 
a minimum of alterations to obtain satisfactory flow conditions. The prob ­
lem was, therefore, one of supplying adequate aids within the original 
basin. After numerous tests were made, involving many combinations of 
chute blocks, baffle piers, and sills, a special design consisting of six hook­
shaped piers was determined to be the optimum (Fig. 6 ) .  Flow entering 
the measuring flume downstream was still too rough for good flow indi­
cation (Fig. 7 ) ,  and further tests were directed toward im proving the flow 
conditions at the flume entrance.
A cover was placed in the channel section between the stilling basin 
and flume to form what is known as a short tube underpass, or wave sup­
pressor, developed in the Bureau laboratory for rough-operating stilling 
basins which discharge their flow directly into canals. The remedy for 
keeping the jum p in the basin and smoothing out the flow entering the canal 
appeared very effective on the model (Figs. 8 and 9 ) .  This fact was later 
verified by prototype operation (Fig. 10).
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Tule River Parshall Flume
Another structure not having the benefit of model studies and found 
deficient in its perform ance after being built was the stilling-basin approach- 
channel [3] to the 15-foot Parshall flume which measures releases of water 
from the Friant-Kern Canal to the Tule River near Porterville, California.
Three 6 by 6-foot slide gates control water releases into this channel, 
which feeds the measuring flume only 40 feet away (Fig. 11). The channel 
is 25 feet wide, about 27 fest long, and 17 feet deep. A vertical step of 
7 feet 5 inches at the downstream end of the basin connects to the entrance 
transition of the flume and forms a boxlike basin between the gates and 
the flum e entrance. This basin was intended to still the flow from the 
gates before it entered the flume. Tranquil flow in the flume approach 
at a depth greater than critical is a requisite to accurate flow measurement.
When accurate measurement of water is required by a large structure, 
such as the 15-foot Parshall flume used in this case, it is the practice to 
calibrate the structure in place during the early  period of operation, by 
making spot checks of the standard rating table. Such calibrations are 
particu larly  im portant when the setting deviates from  the ideal or con­
ventional installation fo r  which standard rating tables are applicable. The 
com paratively short distance from the stilling basin to the Tule River flume 
made calibration of this flow-measuring structure desirable.
Excessive surging was discovered in the head-measuring well when the 
calibration was begun. For most discharges the water from the partia lly  
open gates passed through the bottom portion of the basin, impinged on the
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F ig. 8. C a r t e r  L a k e  O u t l e t - W o r k s  M o d e l — M o d i f i e d  S t i l l i n g  B a s i n  w i t h  
W a v e  S u p p r e s s o r — 6 2 5  c f s .
step and rose to the surface in violent turbulent “boils.” This caused ex­
cessive surging of the water surface in the head-measuring well until the 
4-inch opening leading to the well was reduced to % -inch. Although the 
head in the well was then recordable, surface variations at the staff gage 
on the wall of the flum e near the entrance to the gage well were as much 
as 0.6 of a foot.
Current-meter traverses were made in the flume for several discharges. 
The difference between the discharge indicated by the standard rating table 
and the discharge determined from current-meter traverses was as much 
as 39 per cent for flows of the order of 200 cfs, 30 per cent of the turnout 
capacity (Fig. 12). The inaccuracy was somewhat less for both the higher
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F l u m e , a n d  W a v e  S u p p r e s s o r — 6 2 5  c f s .
and lower ranges of discharge. Examination of the stilling basin disclosed 
a build-up of head sufficient to cause critical flow to occur at the step-up 
for all discharges. This condition caused a higher velocity and a shallow er 
depth in the flume entrance than would have been the case had the flow  
entered the flume at depths above critical. As a result, the depth registered 
by the head gage was too sm a ll ; the quantity  of water fo r  this head indicated! 
by the standard head-discharge rating curve was less than that ac tually  
passing through the flume. H ydraulic  model studies to evolve corrective 
measures were instigated when the solution to the problem appeared complex.
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M o d i f i e d  S t r u c t u r e — J u m p  S t a y s  i n  S t i l l i n g  B a s i n — 380 c f s .
The model, which was constructed on a scale of 1 to 18, represented a 
portion of the main canal, the adjacent wasteway and the turnout, includ­
ing the control gates, stilling-basin, and measuring flume. Good correlation 
between model and prototype flow conditions was noted, even to the m ag­
nitude of the water surface variation at the staff gage (Table I ) .
It was desirable from  an economic standpoint to keep any corrective 
measures within the confines of the existing structure. The problem  thus 
became one of determining what aids, such as baffle piers, slotted walls, 
and sills, could be placed within the basin to assure tranquil flow in the
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flume-entrance transition. Various fillets were placed immediately u p ­
stream from  the 7-foot 5-inch step to eliminate the ab rup t change in cross 
section of the flow passage. Baffle piers with sills between them were 
placed on the basin floor near the gates, and slotted walls were placed in the 
basin near the upstream edges of the floor fillets. An arrangem ent of these 
aids to give satisfactory flow in the measuring flume was determined (Fig. 
IB ). Eight baffle  p iers 5 feet high and 18 inches wide with sills 9 inches 
high and 18 inches long between them were placed 2 feet downstream from 
the gate head wall. A fille t 15 feet long and 7 feet 5 inches high, with a 
slope of about 2 to 1 and a 7-foot 5-inch radius, was placed in the down­
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openings placed on 2-foot centers was tested but was considered optional 
because of the small improvement in flow it afforded. V ariations in water 
surface at the staff gage were measured for discharges up to and including 
the maximum of 700 cfs, with and without the slotted wall in place. These 
variations are given in the accompanying tabulation in which all discharges 


























The slotted wall was not included when the corrective measures were 
constructed in the prototype. The modified prototype structure was tested 
to determine the effectiveness of these measures. Complete photographic 
records, including motion pictures, were taken and these showed excellent 
correlation between the model and prototype, even to the water surface 
variations at the staff gage, shown in Table I. Current meter measurements 
showed a maximum deviation from the standard rating table of about 5 per 
cent at a discharge near 450 cfs. The deviations were less both above and 
below this quantity. The structure is now being operated satisfactorily.
M o d e l  S t u d i e s  p r i o r  t o  C o n s t r u c t i o n  
Flatiron Plant Pump-Turbine By-Pass Valve
It is rare  that a structure based on comprehensive hydraulic  model studies 
fails in some detail to function as intended. One such case was the stilling 
basin for the pum p-turbine by-pass valve [4] at the F latiron  Power and 
Pum ping  P lan t of the Colorado-Big Thompson Project near Loveland, 
Colorado. The discrepancy appeared to be in pressure conditions because 
cavitation, not predicted by the model, occurred in the prototype.
The pum p-turbine unit in the Flatiron plan t pum ps water from  the 
tail race into nearby Carter Lake storage reservoir during low-power-demand 
periods and then uses a par t of this pum ped water to generate power d u r ­
ing high-power-demand periods. The remainder of the stored water is re ­
leased as needed for irrigation through the Carter Lake outlet works de­
scribed in the preceding section of this paper. The by-pass valve is attached 
to a branch in the pump-turbine penstock and serves to release storage 
water, under a head of approxim ately 300 feet, from the reservoir to a 
feeder canal of the irrigation and storage system farther to the north when 
the pum p-turbine unit cannot be used for that purpose. A schematic arrange­
ment of this system is shown in Fig. 14. The stilling basin for this by-pass 
valve was the subject of a comprehensive model study.
The first design considered was one using a 42-inch hollow-jet valve
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and a rectangular stilling basin to dissipate the energy in the valve jet and 
transform  it to nondestructive form  (Fig. 15). The model tests on this 
arrangem ent disclosed extremely rough flow conditions in and downstream 
from  the basin for discharges near the design maximum of 500 cfs (B in 
Fig. 16). It was desired to improve the flow and, if possible, to confine 
the basin within the limits of the power-plant structure. Since a short ef ­
fective basin using either a submerged-tube or needle valve had been de­
veloped for another project, studies were concentrated on obtaining a satis­
factory design of this type of basin.
The design evolved from  hydraulic model studies was one using a 42- 
inch tube valve operating submerged at the upstream end of a stilling 
basin containing a special arrangem ent of baffles (Fig. 17). The valve 
discharge impinged on a tr iangular splitter pier, or baffle, which directed
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the divided flow outward to the walls of the basin. A part of the flow on 
each side was turned upstream and the rem ainder on each side turned down­
stream. The downstream flow was directed to the center of the basin by 
baffles built in the basin walls. A floor with a passage beneath it allowed 
circulation of water from  the downstream portion  of the basin back u p ­
stream to the valve. The circulation in this passage helped to keep the 
subatmospheric pressures in the basin to less than half  an atmosphere— as 
recorded by a pressure cell and oscillograph— a value not considered critical.
The flow conditions in this basin were very tranquil com pared to those 
for the unsubmerged hollow-jet valve and rectangular basin (A in Fig. 
16). Moreover, the basin with the submerged-tube valve was much shorter 
and could be constructed well within the confines of the pow erplant sub­
structure.
It was realized that rap id  fluctuations in pressures were likely to occur 
in this basin, and that it might be possible fo r  the pressure to reach vapor 
pressure m om entarily and thus induce cavitation. The pressures at critical 
points were investigated by a pressure cell and an oscillograph. Variations 
of as much as 20 feet of water were recorded, but pressures lower than 
15 feet below atmospheric were not indicated. The design was, therefore, 
considered satisfactory and was constructed.
The structure was completed and placed in operation about three years 
after the model tests were made. The flow conditions at the downstream 
end of the basin were excellent and as indicated by the model. However, 
there was considerable noise and vibration. The vibration was of such 
intensity as to w arrant a field study of the structure. The field  study was 
facilitated because piezometers had been installed in locations correspond­
ing to those used in the model, which were believed to cover all the critical 
points. Pressure tests were made by the writer in the fall of 1954.
An inspection of the flow surfaces disclosed cavitation at several loca­
tions. However, all except one of these areas of cavitation resulted from 
local irregularities in the flow surface, the most prom inent being the abrupt 
into-the-flow offset of the concrete surfaces at the edges of the steel lining 
on the sidewalls upstream from the baffles. The offsets were as much as three- 
eighths of an inch, and cavitation-erosion had resulted on both sides of the 
basin because of the high-velocity water passing over these offsets. These 
areas were not considered serious trouble zones because the cavitation could 
be eliminated by grinding the offsets on very f la t bevels.
The cavitation in the ceiling of the passage just downstream and to 
each side of the central tr iangu lar  baffle  was considered of a more serious 
nature. One cavitation area was near two piezometers which registered 
slightly positive pressures and moderate fluctuations. The pressures were 
recorded by m ercury-filled U-tubes so the fluctuations were damped. It
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was reasoned that the piezometers were not p roperly  located to register the 
lowest and most critical pressures in the area just downstream from  the 
tr iangular baffle. The pressure distribution pattern  was very sim ilar to 
that obtained from  the model.
The abrup t offsets were ground on a bevel of 30 to 1 and made flush 
with the metal surface at the joint. Also, facilities were provided to inject 
compressed air  into the basin at the critical points to ascertain the effective­
ness of venting behind the tr iangu lar  baffle. Subsequent tests showed that 
a decided decrease in the noise and vibration in the structure had been ac­
complished. The cavitation apparen tly  had not been completely eliminated, 
but the outlet was made operable. The turbulence in the tail race was changed 
very little by the venting. The flow was quite smooth and there was no 
danger to the r ip rap  surfaces of the tailrace. In the past three years the 
by-pass has not been used.
Soap Lake Siphon Blowofj Structure
A unique stilling basin, termed a vertical stilling well, was developed 
[5] in 1947 fo r  dissipating the energy in the flow from  a 16-inch drainpipe 
near the low point of the Soap Lake siphon on the Columbia Basin Project 
irrigation system near the town of Soap Lake, Washington.
The drain structure, or blowoff, was designed to release about 90 cfs 
under a maximum head of 212 feet and was not intended to operate at partial 
openings for extended periods because of danger of cavitation at the valve. 
The design was complicated somewhat because the drain  flow from  the 
siphon could not be drained directly into nearby Soap Lake where it would 
dilute the m ineral content of this resort attraction. The flow had to be 
conveyed in an earthen channel about i y 2 miles long to Lake Lenore. The 
earthen channel made it necessary that the flow leaving the structure be 
tranquil without excessive wave or surge action. Since previous explora ­
tory laboratory  tests had indicated that a vertical stilling well could be 
designed with the siphon drainpipe directed vertically downward to meet 
these requirements, this type of structure was chosen for development by 
hydraulic model studies.
The preliminary-design well was 6 feet square in cross section and 10 
feet deep with respect to the bottom of the trapezoidal conveying channel. 
The well was placed at the dead end of the channel which had a bottom 
width of 6 feet and side slopes of i y 2 to 1.
The model used fo r  the initial tests on this design was built to a scale 
of 1 to 4. The model scale was later changed to 1 to 5 when the initial 
tests indicated the need for a larger prototype well. This new scale was 
represented by changing the size of the model supply  pipe. Later, false 
walls were placed in the well to represent the sm aller prelim inary  design
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Fig. 18. S o a p  L a k e  S i p h o n  B l o w o f f — P r e l i m i n a r y  1:5 S c a l e - M o d e l  S t i l l i n g
W e l l — 90 c f s .
on the 1 to 5 scale. Operation of the model was m ainly at wide-open gate 
and under variable head, because of the possibility of cavitation of the p ro ­
totype at partial openings of the 16-inch gate valve.
Extreme turbulence with violent boiling action occurred on the model 
of the prelim inary  design (Fig. 18). Waves up to 4 feet high (prototype) 
were indicated at a point in the channel 15 feet from the well. These tests 
emphasized the need for some type of aid within the well to increase its 
effectiveness as a  stilling device fo r  the larger discharges.
Numerous aids, in the form of baffle  piers, baffle  walls, pedestals, 
shelves, and corner fillets, were investigated. Several of these aids showed 
a definite improvement over the prelim inary  design. Those giving the best 
conditions are shown in Fig. 19. The square well with corner fillets was 
selected fo r  further  study because of the simplicity of construction. Subse­
quent model tests showed that optimum flow conditions were obtained when 
corner fillets were placed in a  well l^/> feet square and 11 feet deep below 
the bottom of the channel. In this arrangem ent the end of the downpipe 
was 2l/2 feet from  the floor and corner fillets 3 feet 11/4 inches wide, about 
22 inches high, with lower and upper surfaces sloping back to the corner, 
were set 12 inches from  the floor (H in  Fig. 19 ) . The flow conditions for 
this design operating at a head equivalent to about 200 feet and a flow
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representing 90 cfs are shown on Fig. 20. The model indicated that waves 
in the channel 15 feet from the well would be about 6 inches high fo r  a flow 
of 75 cfs and about 9 inches high fo r  a flow of 90 cfs. The effectiveness 
of this design in quieting the water may be visualized by com paring the 
flow conditions shown in Figs. 18 and 20. Later studies with a fluid-polari- 
scope model indicated that the fillets were extremely effective in causing 
a uniform distribution of the flow rising from the well.
When the prototype structure was completed and placed in operation 
in 1951, the flow in the stilling well was quite acceptable and in excellent 
agreement with that indicated by the model (Figs. 20 and 21). The design 
has been used in other installations and a special cavitation-free valve de­
veloped fo r  use at the end of the pipe in the bottom of the well.
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Boysen Dam Outlet-Works Stilling Basin
The efforts of progressive hydraulic engineers have always been directed 
toward developing better operating structures at less cost. These efforts 
have brought about new developments in the hydraulic design of stilling 
basins fo r  valve-controlled outlet works. The stilling basin used for the 
outlet works [6] at Boysen Dam of the Missouri River Basin Project near 
Thermopolis, Wyoming, is one example.
The conventional stilling basin, which depends upon the hydraulic 
jum p for the dissipation of the energy of the inflowing stream, does not 
provide an economical solution when the inflow is in the form  of concen­
trated  jets from valves. The distance required to spread the flow uniform ly 
before it enters the stilling basin is not useful fo r  dissipating energy. This 
p ar t  of the structure adds to the overall length and cost of the stilling basin. 
The waves and turbulence downstream from  such basins are usually  objec­
tionable when the discharge empties into a canal or a powerhouse tailrace. 
Recently developed designs have eliminated most of the objectionable flow 
conditions found in conventional stilling basins.
The stilling basin fo r  the Boysen outlet works employs downward-tilted 
hollow-jet valves with converging chute train ing walls extending from the 
valves to the upstream end of the stilling section of the basin. The con-
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verging walls transform  the valve streams from  cylindrical hollow jets to 
rectangular jets as they enter the stilling section of the basin. This con­
vergence and change in shape causes the jets to penetrate the tailwater and 
remain submerged as the energy is dissipated in turbulence. Outward off­
sets at the ends of the chute train ing walls assist in im proving the flow 
distribution within the basin and thus increase the effectiveness of the basin. 
An upward-sloped sill near the end of the basin deflects any currents off 
the bottom of the flow channel as they move from the end of the basin. 
The turbulent flow within the stilling section of the basin is not a true 
hydraulic  jum p. Because the action is sim ilar to a hydraulic  jum p, it has 
been termed a modified jum p.
The hollow-jet valve is a special control developed for unsubmerged
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operation (Fig. 2 2 ) .  A cone-like regulating element moves upstream against 
the flow to close this valve. The cone directs the flow outward along ihe 
inner surface of a bell-shaped body which discharges the water in the form 
of a cylindrical, hollow jet. The hollow-jet valve received its nam e from  
this characteristic.
Two hollow-jet valves placed side by side, 15 feet apart, and tilted down* 
w ard were used for the Boysen outlets. The prelim inary  design which em­
ployed the hydraulic jum p fo r  the dissipation of energy had an overall 
length of 117 feet. The valves were tilted downward 15 degrees (Fig. 23) - 
The flow in the 1 to 16 scale-model outlet structure was rough with high 
surface velocities (Fig. 2 4 ) .  Also, excessive erosion occurred in the movable- 
bed channel downstream indicating poorly developed stilling action. A 
much longer stilling basin, or stilling aids, such as baffle  piers and sills, 
would have been required to obtain the desired tranquil flow. However, a 
longer basin could not be constructed within the confines of the power­
house. Baffle piers, sills, deflectors, and other appurtenances were used 
to effect a shortening of the basin, but little success was achieved until 
converging train ing walls were placed on the chute section downstream 
from the valves (Fig. 2 5 ) .  The combination of these walls and the down­
ward tilt of the valves at an angle of 24 degrees induced a finer grained 
turbulence and more uniform velocity distribution than had previously 
been obtained. Flow in the movable-bed channel downstream was w ithout 
excessive turbulence; the erosion was slight; and no objectionable pressures
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were detected. The turbulence is shown in Fig. 26, and the conditions down­
stream are shown in Fig. 27. The dividing wall insured satisfactory operation 
a t all heads, discharges, and valve-opening combinations. Details of the 
prototype basin, which could be contained well within the confines of the 
powerhouse, are shown on Fig. 25.
Field observations were made in 1956. The prototype structure operated 
as smoothly and satisfactorily as the model indicated (Figs. 28 and 2 9 ) .
The excellent hydraulic characteristics of the now-termed hollow-jet
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valve stilling basin, its  relatively low cost, and its comparatively short 
length, led to a general research program  to obtain data that could be used 
in determining the basin proportions for all valve sizes, heads, and dis­
charges. The program  was very fru itfu l and design graphs and instructions
[7] have been prepared. This is just one of several developments made in 
recent years.
S u m m a r y
Stilling basins are important, necessary features of modern hydraulic 
structures. This is true whether the head be high or low, whether the water 
quantity be large or small, or whether the project be simple or complex. 
In all cases, it is necessary to change the energy contained in the high-velocity 
flow to nondestructive form before releasing the water to continue its p re ­
scribed course downstream.
The initial as well as the operating cost of stilling basins has always 
been of prim e importance. The initial cost is governed principally  by size
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which in tu rn  is dependent upon efficiency. The operating cost is governed 
by how well and trouble-free a structure perform s its function. The model 
and proto type examples of stilling basins cited in this pape r  are proof that 
hydraulic  model studies are profitable and reliable in developing designs 
which meet these requirements.
Experienced, progressive hydraulic  engineers have made outstanding 
progress in im proving the operation and reducing the cost of stilling basins. 
Some of the work cited in this pape r  is representative of the progress made. 
The vertical stilling well and hollow-jet valve stilling basin are typical 
examples.
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D i s c u s s i o n
Gale Dougherty asked if the hollow-jet valve requires a protective apron 
or if it is like the Howell-Bunger valve. The speaker said that the two are 
hard ly  comparable. The Howell-Bunger valve can be used readily  where 
there is no concern about spray  from the cone-like discharge. The spray 
is undesirable if there is a power house in the vicinity, and for that reason 
the Bureau of Reclamation has not used that valve. A hollow-jet valve 
confines the jet and has a protective ap ron  on the valve.
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Frank Campbell asked if the Carter Lake friction factor was based on 
piezometer measurements or if  the pressure gradient in the tunnel was meas­
ured. The reply  was that the measurements were limited to Pitot-tube and 
water-surface measurements at the end of the conduit. This gave an “ap ­
parent” value of n ra ther  than an exact value. There are numerous things 
which affect the velocity of flow through a conduit, such as the destruction 
of the boundary  layer by acceleration through the gates, and the fact that it 
takes some time for it to develop again, and other things that take place in 
the conduit. For these reasons the re-value should be regarded as “apparen t” 
and not actual.
Carl Izzard asked if the two 3-foot gates in the Carter Lake project 
acted as sluice gates with the discharge along the floor of the tunnel and 
an air  space above. This was confirmed by the speaker and then the question 
was raised as to the possibility that the momentum passing the gate section 
would be sustained throughout the 300-foot length of tunnel thereby account­
ing fo r  the low value of n. The speaker replied that there is not much 
definite inform ation to explain the low re-value but that it had  been a ttr ib ­
uted p rim arily  to destruction and re-development of the boundary  layer im ­
mediately downstream from  the gates. It takes quite a distance for it to 
re-develop. That is one thing but there are p robably  several others.
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http://ir.uiowa.edu/uisie/39
SOME RANDOM THOUGHTS ON RESEARCH— POSSIBLY 
IRREVERENT
M a n l e y  S t . D e n i s  
D a v i d  Taylor Model Basin
I have often asked myself what is the purpose, real or imagined, of an 
after dinner talk. In my own experience, I cannot recall ever having paid 
the least attention to an after dinner speaker and neither can the few friends 
I have whose veracity is not altogether dominated by their imagination. In 
trying to select a subject for tonight’s speech, I inquired of a few co llabora­
tors, who had been present at previous Hydraulics Conferences, as to what 
were the subjects of the flow of oratory following the banquet. The answers 
resembled each other like drops from a leaky faucet (as you may notice, 
my simile is taken from the field of hydraid ics) .  The highbrows went like 
this: “ Now let me see . . . Sixth H ydraulics Conference . . . Ah, yes . . . 
Consommé à la M adrilène . . .  I asked for some Chablis, Chateau Aragnac 
1948, and was shocked when to ld : ‘No wines’ . . . then let me see . . .  Poularde 
à la Parisienne . . .  I could have enjoyed some Chateau Cos d ’Estournel 1950 
but for the rules . . . Crème glacée . . . Café . . . no, no liqueurs . . .  a 
very witty speech by . . . yes, very witty, indeed . . . now, let me see . . . 
yes, I had a cigar too . . .  a hand-rolled El Delicioso . . . but who was the 
speaker and what did he talk about?  . . . no, sorry, ole chap, can’t seem 
to recollect . . . been under a bit of pressure lately, you know.”
The lowbrows expressed themselves somewhat less elegantly, but more 
picturesquely, like this: “Sixth Hydraulics Conference . . . Boy, did I get 
plastered that night (afterwards, of course) . . .  I don’t know nothing about 
no speech . . .  You sure you got it s tra igh t?  . . . Boy, what a head the next 
morning . . .  I gave up drinking for three whole days.”
Now such talk would ordinarily  be enough to dam p one’s enthusiasm 
for such an enterprise as that of delivering a carefully  prepared oratory 
to an unattentive audience. And if at this point one recalls the ageless 
words of Lao-Tse: “ He who knows does not speak; he who speaks does not 
know,” one’s dam ped enthusiasm may well turn to fearfu l trepidation. 
However, there are two strong reasons motivating me to go through with 
my talk. The firs t is that I have a captive audience. There is nothing more 
heart-warming to a m an who can never seem to get in a word, even edgewise, 
either with his wife at home (and who does?) or with his superiors at 
work. Of course, you will think, the audience can always slip away under 
cover of the soft shadows bathing the hall. That may be so, but the gentle-
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men sitting at the head table are nailed to their chairs by their good breed­
ing. The second reason is that I owe my charming host an obligation for 
the delightful dinner and I aim to repay it come ebb or high-water. (You 
will notice, of course, that this is a hydraulic metaphor.)
But I am in difficulty  at the very start. In asking me to appear before 
you, Doctor Rouse made the condition that the talk should be both in form a­
tive and entertaining. As to the latter, I was prudently  warned that ladies 
would be present. Now this is a formidable set of boundary conditions to 
satisfy. In fact, I found myself in such difficulty only once before. I t was 
during  my high school days and I had been given the assignment to write a 
short story. To be complete, I had been told, a short story should have five 
qualities: it should be short, it should be slightly risqué, it should have sus­
pense, it should have a noble quality  about it, and it should be permeated by 
a religious feeling. After much fruitless labor I handed in my masterpiece: 
"M y G od!” (re lig ion), said the Duchess (nobility) “Take your hands off 
. . . (3 points of suspension) my leg !” (that’s as risqué as I dared be in those 
days).  And it was short. My instructor, however, remained unimpressed.
But to return to my subject, if  any. I shall appear to prove myself 
somewhat conversant with the science of hydraulics and, to this end, I 
will take my lead from our host.
A few years ago Doctor Rouse became the guest of Senator F u lbrigh t and 
spent a happy  year on the banks of the lazy Isère completing a m anuscript 
on the history of hydraulics. It is a scholarly work, but unfortunately 
somewhat deceptive. Let me explain and, to this end, let me take up the 
story of Archimedes. As Dr. Rouse recounts it, it goes this way: “Hiero
I, king of Syracuse, is said to have believed himself defrauded in the amount 
of gold actually utilized in the fabrication of his crown and to have placed 
the problem  of proving the fraud in Archimedes’ hands. The method of 
solution is supposed to have occurred to Archimedes as he entered the pool 
of a public bath, whereupon he elatedly left fo r  home without pausing to 
dress, shouting as he ran, ‘Eureka’ (I have found it) !” The whole thing 
is so simple as to be obviously unreal. You are given a problem, you take 
a bath and, presto and ipso facto, you have the solution. With Americans 
taking a bath  every day, it would seem that the country would run out of 
problem s in practically  no time at all.
Now, Dr. Rouse recounted the story as he had heard it and, by so doing, 
gave spur to an apocryphal legend which can bring  grave danger to the 
research fraternity , if  research adm inistrators take it seriously. The picture 
is painted that between the posing of a problem  and its ultimate solution 
there need pass only the time required for one’s daily grooming. This is 
a subversive idea to be exorcised with bell, book, candle, incense, cabalistic 
phrases, and holy water. (The last, obviously, a hydraulic  medium.)
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Many years ago . . .  I beg your pardon, a  few years ago, when I was 
an undergraduate student, I was told about Galileo, who had discovered 
the law of the pendulum . This youth, nam ely Galileo, I was told, on a t ­
tending mass one morning in the cathedral of Pisa noticed that when the 
verger lit the lamps from the chandeliers, they were set oscillating in 
isochronous motion, whereupon he conceived the law of the pendulum. This 
immediately gave as a corollary the law of fa ll ing  bodies. He therefore set 
out to prove the latter by dashing across the square to climb the leaning 
tower, drop unequal weights from its top, disprove Aristotle, who had 
remained undisputed almost 2000 years, and demonstrate tha t Copernicus 
was right. All in all, a good m orning’s effort.
But was it really  so? I discovered in my later years tha t between the 
event of the swinging chandelier and the enunciation of the law of the 
pendulum almost half  a century had passed and that, in the meanwhile, 
Galileo had fathered 3 children, discovered the moons of Jup iter and the 
Milky Way, had set up a telescope factory, the income from  which had 
rendered him financially  affluent, and had run into trouble with the Church. 
1 suspected that the same m ight prove true with Archimedes. Having found 
out the real story about Galileo, 1 decided to inquire about the sage from 
Syracuse. The search was not easy, for legends have a way of becoming 
sacred with time, and the tru th  becomes buried in the dust of the ages. 
F inally, after assiduous ferreting and pursuing of ancient manuscripts bound 
in mildew, I came across the true story. I t  is very simple, hard ly  dramatic 
at all, and in essence no different from  the story of many a living research 
scientist. I must tell it to you, fo r  I am sure you haven’t heard it as yet.
It seems that Archimedes was professor of natural philosophy at the 
University of Syracuse. One of his students, the dullest in his class, turned 
in an examination paper in which he had given wrong answers to practically  
everything but especially to a problem in buoyancy, namely, “why do bodies 
f lo a t? ” Archimedes prom ptly  flunked him, fo r  that was the ill-considered 
way students were treated in those days. But he remained somewhat puzzled 
and perturbed by the abnormal reply the student had made, for it had con­
fused him no end. F inally he decided that there was one way to find out, 
so he submitted a research proposal to the local Office of Naval Research 
. . .  I beg your pardon, of Science and Invention.
The objective of the proposal was to prove that Aristotle was right. 
This was a safe and uncontroversial inquiry. Archimedes stated that a l ­
though Aristotle had enunciated a certain principle, namely, that the buoy­
ancy of a body depended on its form, he had not sought to perform  the 
experimentum crucis or obtain the functional relation connecting buoyancy 
and form.
To this end he proposed to weigh two bodies of the same material and
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of different shape, both in air  and in water, to establish the sought-for 
relation of buoyancy to form. Being a dutiful citizen professing homage 
and respect to his king, he chose the k ing’s crown as the standard  of refer­
ence, believing it (as it turned out, mistakenly) to be of pure gold. The 
first experiment proved to be completely and utterly inconclusive.
But he was of curious bent and, although baffled  by the strange results 
he had obtained, he decided to inquire fu rther into things by testing system­
atically all sorts of shapes and compositions.
At firs t he kept the composition constant, nam ely gold, and proceeded 
to test, to begin with, linear bodies such as tetrahedrons, pentahexahedrons, 
etc., all the way to pentacosiahedrons. He then went on with nonlinear 
bodies such as~spheroids (both oblate and p ro la te ) ,  ellipsoids, hyperboloids, 
hypoboloids, ovoids, thyroids, paranoids, etc. From this he found out that 
the only metal form  that would float was a concoid (referred to in some 
circles as a d i s h ) .
He then altered the composition systematically, s tarting with gold (for 
on account of its nobility  it had precedence) proceeding to silver, iron, 
tin, zinc, aluminum , neptunium, uranium , plutonium, etc., and ending up 
with lead, because it was the basest of all. From this he found that the 
only material that would float was wood. But no matter how hard  he tried, 
the law of correlation escaped him, for his standard of reference was the 
king’s crown which he thought to be of pu re  gold.
At one point he became quite excited, when the idea occurred to him 
to mate the two superlatives and turn  out a wooden dish. This, he argued, 
was the best of all possible floating  bodies. Of course, this had been known 
since the dawn of history, fo r  that was the form  given to the vessels which 
he saw from his balcony daily ; but, until then, the knowledge had been 
purely intuitive and not reliable. Now we had science.
In the effort to reach understanding, he developed a num ber of theories, 
some of them quite sophisticated, like the one on the anti-matter which 
has twice become popu la r  since: the firs t time in connection with the theory 
of the phlogiston and the second time, these days, in nuclear physics.
But it was not until the day he heard someone remark, “All that glitters 
is not gold,” that the real significance of the discrepancies in his results 
occurred to him. After that the solution was simple and the principle on 
which it is based is to be found in every text on hydraulics. He became 
positively elated about it and, with the confidence born of discovery, he 
went to Hiero I and stated dramatically  that his crown was made of equal 
parts of tin and gold and proposed to prove it by melting down the crown. 
Of course, this was not carried out, fo r a king does not lightly give up a 
crown for melting or any other reason (well, there is one exception I know 
o f ) .  But Hiero I, to his greater glory, accepted Archimedes’ statement at
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face value and had his m inter beheaded. Now how long did all this take, 
from flunking the student to beheading the m in ter?  17 years!
During this time it had been necessary to set up a laboratory  (the Syra­
cuse Institute of H ydraulic Research) and equip it with instrumentation, 
that had to be designed to new specifications, and with shop apparatus  to 
make all sorts of shapes from  all sorts of materials.
Among the instrumentation was a waterproof balance fo r  use in air  
and water, of an accuracy greater than could be obtained with the scales 
from the fish market.
Archimedes had to construct a set of calibrated weights. He found out 
that the weights used by the local vendors, which he had hoped to use, 
could not be trusted: they were fa r  too short.
He also had to build a crane for hoisting and lowering the scales in 
and out of water.
There being no basin available, he had one constructed which later 
became a public bath.
To fill the basin, a 9-mile aqueduct had to be erected to bring water 
from the nearby hills of Epipolae.
The whole a ffa ir  came to cost a king’s fortune. It succeeded only be­
cause Hiero I had faith  in Archimedes and money to spend foolishly.
I told you these stories about Galileo and Archimedes to b ring  out the 
point that the interval of time between the conception of a scientific idea 
and its fruition is long, often spanning decades and occasionally centuries, 
as is the case, fo r  instance, with Leonardo’s flying machine. It is only 
simple ideas, like Archimedes’ p rincip le of buoyancy or A lbert Einstein’s 
unified field theory, that require only a 17-year period of incubation.
During all this time the scientist requires encouragement of two kinds: 
moral and financial.
Something might be said about this sort of encouragement, particu larly  
of the latter kind.
In olden times, when a m an was struck by an idea, scientific or other­
wise, he sought to obtain patronage from the local prince and to this end 
applied  to as high up the ladder of protocol as he could. The court official 
m ight or might not lend ear to him depending on his mood and on whether 
there were more im portan t things on his mind, like how many buttons 
should be required on the cuff of his knee breeches or plumes on his ha t to 
be duly impressive a t the masked ball to be given by the new Duchess of 
Malfi.
Of course, the court official would not rely on his own knowledge of 
science to decide in the matter but would refer the idea to his favorite golf 
companion, to the court clown or, in extremely im portant cases, to his liaison 
amoureuse of the moment.
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Given the right combination of ascending stars on the one hand, and 
of chance on the other— for in those days, as even now, the lives of people 
were governed by the laws of astrology and of stochastic processes— the 
philosopher received a grant which permitted him a degree of temporary 
leisure to pursue his work.
F or this grant nothing much was expected of him except to be present 
at court on certain occasions to be exhibited, along with the court poet, 
the astrologer, the clown, and the Asian unicorns, to visiting dignitaries. On 
these occasions he sat at the lower end of the dining table, between the lesser 
nobles and the higher ignobles. The support he received depended on the 
fortunes of war and in those days governments tended to suffer from  in ­
stability.
But in spite of the haphazard  way in which ideas were financed, the 
prince often pulled  open the purse-strings with a glimmer of understanding. 
H ad it not been for a sympathetic Hiero I, there would be no Archimedes’ 
principle, and ships could not be designed to float. H ad there been no 
Prince Cosimo, Galileo would not have discovered the princip le of the 
pendulum, and we would have no g randfather clocks. The interest of 
Ludovico Sforza and of Francis I permitted Leonardo to write his Treatise 
on Hydraulics, and it is in par t thanks to this that we are having a Seventh 
H ydraulics Conference these days.
The situation has changed but slightly: the king has now become the 
government and the prince the philanthropic foundation.
In going from the personal to the impersonal form of patronage that 
this involves, some minor differences of operation have manifested them ­
selves.
Today the stars and the laws of chance still exert their influence, but 
the procedure has been systematized to a high degree. The proposed re­
search is evaluated and acted upon by a complicated pattern of govern­
ment or private offices each having jurisdiction over some single phase 
of the work: technical, contractual, fiscal, administrative, policy, liaison, 
security, planning, approval, etc. W hether an idea has any m erit or not, it 
brings into operation m ultitudinous bodies of officials of all levels whose 
interest lies merely in the formalities or externals of research— not in its 
essence; who are able to question methodology and procedure— not value.
That this should be so results perhaps from  the complexity of our civili­
zation. But seeing all this activity for one small idea, one is tempted to 
misquote slightly Maréchal Bosquet witnessing a t Balaklava the charge 
of the light brigade: “ C’est magnifique, mais ce n ’est pas de la  science.”
Now this retinue of overseers who feed on research proposals has a 
curious effect on the whole development.
To be supported, an idea must be both accessible to them and in harmony
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with their thinking. A safe idea to propose is one that has already proved 
successful. H um an nature being what it is, this results in the same idea 
being continually reintroduced in a variety of forms, and the field of 
knowledge already tilled is cross-furrowed over and over again in all sorts 
of fantastic patterns.
The same experiments are repeated with minor variations and no change 
in conclusions. There is a pile-up of data that smothers all thinking and 
appears to lend support to the statement of Lord Melbourne that “nobody 
learns anything from experience; everybody does the same things over 
and over again.”
Now, 1 will not bore you with proof or details. I assure you they are 
there. In the spirit of the evening, take my word as Hiero I did Archimedes’.
“ But,” you will say, and I quote you, “ this leads to the situation that 
vast sums are spent fo r half-vast ideas.” Quite so, and if you bear with me 
a little longer I will make the point to you with logical brilliance or  brillian t 
logic, whichever you wish.
Every child is endowed with a creative mind and, as the w orld reveals 
itself to him in all its wonders, he becomes enthusiastic and contemplates 
the achievement of great and glorious things. So was it with me. So was 
it, I am confident, with all of you here tonight.
The child with a passion fo r  things mechanical turns to its m other and 
says: “Mother, when I grow up I want to be a scientist, fo r  I yearn to split 
atoms, or launch satellites and space ships, or discover new laws of nature 
never thought of before, or do some of the many, many things never at­
tempted before.”
The loving m other encourages him and sees to it, at a sacrifice to her ­
self usually, tha t the child gets the schooling necessary to realize his am bi­
tion. And the mother is proud, for, in the p o pu la r  mind, research is a g lam ­
orous thing to pursue, b rillian t with new-found glory. And the child 
struggles through his adolescence and young manhood to grasp the under­
standing that will perm it him to realize his dreams. He is graduated on a 
bright, promising June day like today along with 75.000 others, and then 
he p rom ptly  goes to work in the laboratory of an industrial firm, of an 
academic institution, or of the government and is launched in the orbit of 
his career. He gets his f irs t assignment, calibrates an instrum ent or two 
and writes his f irs t report. The supervisor hasn’t time to read it, but since 
the new man is enthusiastic and has not made a nuisance of himself he gets 
a promotion and a second assignment.
The second report piles up on top of the first, but the young researcher’s 
ebbing enthusiasm is stimulated with another raise and a th ird  assignment. 
This goes on, year after year, the work getting more difficult, the pile higher, 
the enthusiasm lower. Now you may well wonder what kind of research he 
is tu rn ing  out under these conditions.
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Well, let me argue by analogy. Suppose that instead of research being 
the glamorous objective to pursue, it is art. This may strike some of you as 
strange, but it isn’t really  so. If you want to be argumentative about it, I 
beg you to allow me the point for the sake of the argument. I might, in 
justification, simply recall to you that, but a few centuries ago, this was 
indeed the situation that prevailed, nothwithstanding the feverish scientific 
activity of Leonardo and Galileo and the rest. Artists were then in high 
demand (though, I gather, still i l l-pa id ) .  Every affluen t man aspiring to 
court a woman or impress his social circle would seek the services of an 
artist to write sonnets, paint portraits, cast statues, or compose mood melo­
dies. At least twice in the history of western civilization the world has 
raised art on a pedesta l: in Greece during the Golden Age of Pericles and 
during the Italian  Renaissance as well, and to this day we live and feel 
the spell of those times. All this by way of justification, of course.
Well, suppose that art is the thing and that we are going to beat the 
Russians with better music rather than a better friction line. In  this en­
vironment the child would say, “Mother, when I grow up I will compose 
opera.” And so he is sent to the conservatory and plods away a t the key­
board  at all hours of the day and night. He is graduated along with 75,000 
others and goes to a laboratory where music is produced. He is assigned 
his first task, a one-act opera in one flat. After a year he turns it in. Of 
course, it isn’t perform ed (one would really  be asking too m uch ),  but he 
gets a  raise and is assigned to write a two-act opera in two flats. This one 
too piles up. But another year, another raise, another opera and another 
flat, and so the pile grows.
Now just imagine 75,000 enthusiastic composers graduating  every year, 
each writing an opera every year to be piled up on the operas of yesteryear. 
W hat kind of music do you think you would be getting? Not very good! 
don’t you th ink?  W hat kind of research do you think you are getting?
Now it’s easy enough to look at the world in a humorous vein and draw 
a caricature. And although one m ay be criticized for doing so, it might 
be well to remember that a caricature is, in the end, rough truth. As Shaw 
says, when a thing is funny, search it for a hidden truth.
And why do you think the music that is produced isn’t any good ? It 
goes without saying that a first opera should not be expected to be a hit. 
But the real reason is that those who assign to the young musician his opera 
to compose cannot always read music. (They only p lay  by ear.)
When they can read music, the fervid activity leads to inspiring results. 
When they cannot, you will have all the external m anifestations: folios, 
orchestrations, recitals, concerts, and the like. But the results will be pseudo- 
artistic or, in the parallel field, pseudo-scientific.
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Samuel Johnson is quoted as having sa id : ‘"The rights of nations and 
of kings sink into questions of gram m ar, if gram m arians discuss them.”  
The statement can be applied  to the present discussion by changing but a 
few words: “The value of research becomes a question of formalism and 
procedure, if bureaucrats discuss it.”
And to continue in this vein, I will introduce another quotation which 
1 heard from  an anonymous scientist, “The research that is carried out 
today reminds me of a wedding where everybody is present but the couple 
to be wed.”
The spirit of quotation (or rather mis-quotation) is on me and I ’ll 
give you one more. You all recall Robert Burns’ poem “ For A’ That and 
A’ That.” You might, if you wish, add this extra stanza to it. (I will not 
attempt to reproduce the Scotch brogue fo r  fear it will sound like Arm enian.)
“ A prince can m ak’ a councilman,
A bureaucrat and a’ that.
But a scientist’s aboon his ken,
Gude work, he m auna fa’ that 
For a’ that and a’ that,
Though pushed and scorned and a’ that,
The scientist has greater worth 
And higher rank than a' that.”
I believe it was H ila ire Belloc who once said that any subject can be 
made interesting and, therefore, any subject can be made boring. I am 
afraid  that I have only succeeded in doing the latter. But should I (and 
there is a random probability  lurking somewhere in the ro o m )— should 
I have succeeded in making it interesting, well, perhaps you will invite 
me again to a fu ture H ydraulics Conference.
When the evening is convivial and one is among friends one may well 
laugh at oneself. I do not wish to philosophize on this point, for one can­
not discourse philosophically  on a full belly. But one might, in closing, 
look at a Scientist as he really is or aspires to be, fo r  the significance of 
a man is not in what he attains but in what he longs to attain.
He is humble, fo r  the scale he uses to measure himself is gaged to fit 
the great of the past whose fame lasts undiminished through the centuries.
And he is frustrated. Those who have never given birth  to an original 
scientific idea can never know how much labor is involved in generating- 
one. The vast m ajority  of attempts always prove to be wrong, and some­
times all of them come to no successful conclusion.
But he is a man of value. As against the man of success, the man of 
value is one who gives more to the world than he takes therefrom. Because 
of this, he is in the minority  and, consequently, often at the mercy of those 
organization men whose am bition leads them to positions of control.
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Yet, if a young man were to ask my advice on what career to follow,
I would speak to him so: “ Choose science, my boy. The path  will be 
humble, tortuous, and difficult to trod. You will often feel lost and might 
even despair, like Dante in the forest before he met his guide. But it is 
the path that has been trodden by great men who have worked to make 
this w orld an excitingly beautiful place to live in .”
“Your material rewards will be small, for it has always been the 
Scientist’s lot to be poor. But in a sense your reward will be greater than 
anything the world can offer you, for the light illum inating  your steps will 
be cast by the halo of the Im mortals.”
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FIELD V ERIFICATION OF MODEL TESTS ON FLOW THROUGH
HIGHW AY BRIDGES AND CULVERTS 
C a r l  F. Izz a rd  and  J o s e p h  N. B ra d le y  
Bureau of Public Roads
I n t r o d u c t i o n
It is only in recent years that highway engineers have begun to make 
use of models for determining the capacity of highway drainage structures 
such as bridges, culverts, and storm drain  inlets. Model studies have been 
perform ed to supply  generalized results in the form  of design charts which 
enable the highway engineer to determine readily  the size of structure re ­
quired to accommodate a given discharge. Since the testing did not pertain  
to any specific structure at a given site, direct comparison between the 
perform ance of the prototype and of the model is not possible. The only 
exception is in the case of highway culverts where very recently full-scale 
culverts have been tested in the laboratory  to verify the results obtained 
with small-scale models.
This paper will be limited to reporting on comparisons of prototype 
measurements with computed values, derived from model tests, fo r  back­
water caused by bridges, scour at bridge abutments, and head-discharge 
characteristics of culverts.
B a c k w a t e r  C a u s e d  b y  B r i d g e s
Bridge backwater is im portant to the designer as it can often be a de­
cisive factor in the determination of the length of a bridge. To understand 
better the nature and magnitude of the backwater to be expected at various 
types of stream crossings, a cooperative research program  between the 
Bureau of Public  Roads and Colorado State University was inaugurated 
in 1954. The work at Colorado State University was idealized by utilizing 
a straight, sloping channel with uniform cross section and fixed bed, 8 feet 
wide by 75 feet long. Thus there could be no scouring of the bed and the 
testing was limited to steady, uniform, and tranquil flow. The results p ro ­
vided a general method fo r  the computation of bridge backwater in  field 
structures. A comprehensive report [1] is available describing the test 
results and analysis; the practical application is covered in a prelim inary  
paper [2] available from the Bureau of Public  Roads.
The m anner in which flow reacts to a channel constricted by bridge 
embankments (assuming no movement of the bed) is illustrated on Fig.
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1. The stream lines above section 1 represent the natural distribution of 
flow in the stream. Note that constriction of the channel appears to p ro ­
duce practically  no alteration in the shape of the stream lines near  the 
center of the channel, but the lines are bent and close together indicating 
concentration of flow near  the abutments. Thus the area adjacent to the 
abutments is most vulnerable to attack by scour. The dashed line labeled 
maximum backwater connects points of equal elevation at which maximum 
backwater terminates and drawdown begins. This is also illustrated in 
Fig. 2, which shows a pro file  of the water surface along the centerline of 
the channel.
Steady, uniform flow was firs t established in the flum e and is rep re ­
sented by the dashed line labeled norm al stage in Fig. 2. With normal
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F i g . 2. C e n t e r - L i n e  P r o f i l e — T y p i c a l  B r id g e  C o n s t r i c t i o n .
flow established, the abutments and embankments form ing the constriction 
were next placed in the flume without shutting down the flow. The rise 
in water surface upstream, denoted as h *  , represents the backwater result­
ing from constriction of the flow. The water surface pro file  is above norm al 
stage at section 1, falls below this reference line as it passes through the 
constriction and then returns to norm al stage a considerable distance down­
stream at section 4.
An equally  im portant measurement taken was the drop in water level 
across the embankment, designated Ah. A common mistake is to in terpret 
the drop in level across the embankment as the backwater. The water surface 
at section 3, or along the downstream side of the embankment is invariably 
lower than norm al stage, thus the difference in level across the em bank­
ment, Ah , is always larger than the backwater, h *  . I t is extremely d iffi­
cult to measure h *  in the field but the difference in level across the em ­
bankment Ah is readily  obtainable. Therefore, model-prototype comparisons 
are dependent on comparison of values of Ah ra ther than h *  .
The model study showed that a rather simple relation exists between 
the backwater h *  and the fall in the water surface downstream, h * . The 
ratio h * /h *  is shown plotted with respect to M  on Fig. 3 fo r several types 
of wing-wall abutments. The param eter M defines the degree of channel 
constriction which is the ratio of the approaching flow directly in  line with 
the bridge opening to the total discharge of the stream. For the case shown 
6,400
on Fig. 1, M -  ^ 2  oqo = 0.53. Should there be no constriction of the
flow, M  would equal 1.0. Thus, knowing h *  and the opening ratio  M  , 
it is possible, by the use of Fig. 3 to obtain h *  . With h *  and h * known, 
Ah can be computed.
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F i g . 3 .  D i f f e r e n t i a l -L e v e l  R a t i o — W i n g w a l l  A b u t m e n t s .
The idealized nature of the model study would natu ra lly  lead to grave 
doubts as to whether the results are applicable to prototype computation. 
This question could be satisfactorily answered in only one way; obtain 
measurements from  prototype structures during floods, then independently 
compute backwater and drop in water surface across the embankment for 
these same floods utilizing the model data, and com pare results. F or this p u r ­
pose, the U.S. Geological Survey made available to us field measurements 
taken at bridges during  floods.
A few of these model prototype comparisons are shown on Table I. 
Reading from  left to right, bridge No. 1 was 20 feet in length, the dis­
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charge was 1,370 cfs and the average velocity under the bridge was 9.1 
fps. The opening ratio M  is 0.57 and the backwater h *  , computed from 
the model results, is 1.07 feet. The drop Ah  in level across the em bank­
ment which is the measurement on which these model-prototype comparisons 
are based, is tabulated in the next two colums. The computed Ah is 1.90 
feet and the value measured in the field is 1.99 feet. The last column shows 
the computed value of Ah  to be 4.5 per  cent less than the measured value.
The prototype bridges listed in Table I represent widely different bridge 
opening and stream conditions; some were single spans, others were m ultip le  
spans with p iers; types of abutment varied, and a few crossings were on a 
skew. The principal limitation was the length of bridge, the longest being 
220 feet. Comparison of the measured with the computed values of Ah  
as a whole, shows that the deviation from  the measured value varies from
T a b l e  I
C o m p a r i s o n  o f  C o m p u t e d  Ah  w i t h  F i e l d  M e a s u r e m e n t s
Computed Measured %
Bridge b Q V h f Ah Ah Diff.
No. ft cfs fps M ft ft ft Ah
1 20 1,370 9.1 0.57 1.07 1.90 1.99 -  4.5
2 84 4,340 6.8 .85 0.21 0.65 0.70 -  7.2
3 220 27,500 7.5 .90 0.28 0.76 0.83 -  8.5
4 83 5,240 8.6 .60 1.03 1.81 1.60 +  13
5 72 12,000 10.2 .83 0.57 1.94 1.95 -  0.5
6 58 3,400 7.1 .82 0.18 0.61 0.55 +  10.9
T 44 2,620 7.8 .66 0.63 1.23 1.15 +  6.9
7b 44 1,450 5.4 .70 0.30 0.66 0.69 -  4.4
8 112 9,640 9.0 .33 1.80 2.53 2.24 +  12.9
9 68 7,230 Submerged deck girder 1.53 1.48 +  3.4
10 120 2,600 Submerged deck girder 1.70 1.61 +  5.6
+  13 per cent to —8.5 per cent. The table shows the deviation positive in 
six cases and negative in the remaining five. Six of the comparisons show 
a deviation of less than ±  7 per cent. When it is considered that the possible 
error in prototype measurements taken during floods can likely be as m uch 
as ±  10 per cent, the model verification is reasonably good.
So fa r  as is known, only m inor scour occurred under the bridges with 
the exception of No. 8. This bridge was 112 feet long, presented a rather 
severe contraction of the flow, (M =  0.33) and spanned a stream hav­
ing a sand bed. Evidence in the case of bridge No. 8 indicated that all 
loose material under the bridge scoured out to a depth of 4 to 5 feet at 
which hard  pan was encountered. Scour can have a marked effect in re ­
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ducing the backwater and the drop in level across the embankments. Basing 
the computations on the increased water area under the bridge the back­
w ater was computed as 1.80 feet. The computed drop in water surface 
across the embankment was 2.53 feet and the measured value of Ah in 
the field was 2.24 feet, representing a difference of + 1 2 .9  per cent. Bridges 
No. 9 and No. 10 were acting more like sluice gates in that the upstream 
g irder  was immersed in the flow for both cases. This particu lar type of opera­
tion was also investigated in the model studies. Although the model prototype 
com parisons cited are quite satisfactory for the width to depth ratios con­
sidered, it is still not known how these generalized model results will apply 
to long bridges or for crossings with very wide flood plains.
S c o u r  a t  B r i d g e  A b u t m e n t s
As has been stated, scour could not occur in the backwater experiments 
just discussed since the bed of the model was fixed. The other extreme 
in  practice would be a river with a sand bed of unlimited depth, free to 
scour. In the latter case it is necessary to understand the nature and m ag­
nitude of scour before a realistic approach can be made toward computing 
the backwater. Experimentation is currently  in progress at Colorado State 
University, in a transport flume 8 feet wide by 150 feet long, for the p u r ­
pose of determining the nature and extent of scour to be expected at bridge 
constrictions fo r  this other extreme. Experiments of a sim ilar nature have 
been conducted at the State University of Iowa [3] on a slightly different 
phase of the problem. The inform ation which follows represents incomplete 
findings subject to modification as more data become available. The limited 
results do present, however, an interesting model-prototype comparison.
Where gradual long constrictions occur in alluvial streams, there is 
usua lly  a general lowering of the bed in these constricted areas. Where 
constrictions are abrupt, however, such as those produced by bridge 
embankments, the flow scours out a tr iangular  area adjacent to each abu t­
ment. This is demonstrated for three degrees of constriction in Fig. 4. 
T h e  cross sections were taken in a vertical plane along the upstream face 
o f  vertical embankments. This was assumed to be the most adverse case 
fo r  scour. Regardless of the degree of constriction the deepest scour occurs 
a t  the abutments and along the upstream face of the embankments. For 
the wider crossings the scour tapers off from the abutments to essentially 
no scour in the m idpart of the channel as shown for run No. 10. Should 
the crossing be narrow as in runs No. 5 or No. 8, the center of the channel 
w ill also erode bu t the scour angle remains essentially the same fo r  a given 
bed material and abutment type. The scour angle varied from  20 to 30 
degrees in the model tests and appears to depend on the size, gradation, 
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F ig . 4. S c o u r  a t  U p s t r e a m  F a c e  o f  A b u t m e n t s .
the geometry of abutment used. Photographs of general scour fo r  runs 
No. 10 and No. 8 are shown on Figs. 5 and 6, respectively.
A prelim inary  plot of the results showing maximum depth of scour at 
abutment plotted with respect to unit discharge in the constriction is p re ­
sented on Fig. 7. Note that the ordinate Ds is depth of scour measured 
from  the water surface and the abscissa q is unit discharge flowing past 
the abutment. In the case of the models, the latter is simply the average 
unit discharge in the constriction or total discharge divided by width of 
constriction.
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F ig . 5 . S c o u r  P a t t e r n  a t  M o d e r a t e  C o n s t r i c t i o n .
F ig .  6. S c o u r  P a t t e r n  a t  E x t r e m e  C o n s t r i c t i o n .
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q IN C F S  / F T
F i g . 7. M o d e l  a n d  P r o t o t y p e  S c o u r  a t  B r id g e  A b u t m e n t s  a n d  R iv e r  S p u r s .
The open circles on Fig. 7 represent results obtained at Colorado State 
University on vertical-wall type abutments, the points denoted by X are 
from experiments made at the University of Iowa on wingwall and spill- 
through abutments [3 ] ,  and the black circles are from a model study [4] 
on right-angle river spurs perform ed in Pakistan. The size, gradation of 
m aterial, and method of testing varied in the three studies bu t the con­
sistency of results is surprisingly good for this type of experimental work. 
The effect of size and gradation of material in the models sim ply tended 
to retard  or speed up the scouring process, the finer sands reaching equilib ­
rium scour depth sooner than the coarser materials. A line drawn through 
the three sets of model results gives the empirical equation
Ds =  1.40<jf2/3
A ppearing on the same figure are eleven points representing prototype 
measurements of scour at bridge abutments and river spurs. The bulk of 
the field measurements [5] were obtained from river spurs in India. Meas­
urement of maximum scour on prototype structures is an extremely difficult 
undertaking and a simple expression involving as few variables as possible 
is certainly desirable, if  it can be justified. The first two prototype cases
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F i g . 8 .  R i g h t  R o a d w a y  E m b a n k m e n t  ( L o o k i n g  D o w n s t r e a m ) — B r id g e  O v e r  
S u s q u e h a n n a  R i v e r , N a n t i c o k e , P e n n s y l v a n i a .
F i g . 9. S c o u r  H o l e  a t  R i g h t  A b u t m e n t  ( L o o k i n g  U p s t r e a m ) — B r id g e  O v e r  
S u s q u e h a n n a  R i v e r , N a n t i c o k e , P e n n s y l v a n i a .
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listed on Fig. 7 w arrant further explanation. Both represent rather severe 
conditions since the abutment observed in each case was located on the 
flood pla in  and the flood plain discharge was rather high.
Figure 8 shows a view of the upstream side of the roadway em bank­
ment for the bridge spanning the Susquehanna River at Nanticoke, Penn­
sylvania. The abutment, a spill-through type protected with rip rap , is in 
the left foreground. Note the extensive wide and rather deep flood plain. 
Figure 9 is a view of the scour hole that developed at this abutment during 
a moderate size flood. The toe of the abutment is again on the left but 
[he view is looking upstream. The flood plain at this location is composed 
of rather loose sandy clay and gravel. In addition to the scour hole shown, 
the footings of the two nearest piers were undermined. This latter damage 
was repairable in that the footings of both piers were set on long piling. 
The point for this case plots slightly above the line on Fig. 7, which is 
understandable, since the bridge and abutments are on a 30 degree skew. 
Skew aggravates abutment scour.
F igure 10 is an aerial view (looking upstream) of a flood which occurred 
on Big Nichols Creek near Aberdeen, Mississippi, in 1955. The bridge is 
supported on concrete pile bents. As can be observed, the flow undermined 
three bents d ropping four spans of the bridge into the stream. The low
F i g .  10. F l o o d  o f  1955— B r i d g e  O v e r  B ig  N i c h o l s  C r e e k ,  A b e r d e e n ,  M i s s i s s i p p i
( L o o k i n g  U p s t r e a m ) .
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water channel is to the left of the trees and not visible in the photograph. 
The extensive inundated area to the right is flood plain. Note the concen­
tration of flow coining from along the embankment and the extensive eddy 
pattern describing the path this transverse flow assumed in passing under 
the bridge. The concentration of flow along the embankment was intensified 
in this case by an extensive borrow pit which extended along the upstream 
side of the embankment. The momentum of the transverse flow was suf­
ficient in this case to cause the scour hole to form not at the abutment but 
beyond the first bridge span. A plan  view showing the extent of the scour 
hole remaining after the flood is shown on Fig. 11. The contour lines 
indicate a maximum scour depth of some 25 feet but from the known pene­
tration  of the p iling  it is evident that the scour exceeded this figure at the 
peak of the flood. The plotted point for this case, based on the apparen t 
scour depth of 25 feet, also falls above the line on Fig. 7.
H i g h w a y  C u l v e r t s
In  1955 the Bureau of Public  Roads began a research program  on cu l­
verts at the National Bureau of Standards, the object being to determine 
operating characteristics of commonly used types and to develop inlets
F i g . 11 . S c o u r  H o l e  N e a r  L e f t  A b u t m e n t — B r id g e  O v e r  B ig  N i c h o l s  C r e e k , 
A b e r d e e n , M i s s i s s i p p i .
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to improve the capacity of these culverts. It was speculated that capacities 
could be increased by providing improved inlets which would cause cul­
verts to flow full a t m oderate headwater depths. Rating curves were first 
established for commonly used culvert types operating with inlet control. 
However, it was soon learned that in conversion to full flow with enlarged 
inlets, the results of form er experimenters, such as Straub [7 ] ,  Schiller
[8 ] ,  Li and Patterson [10], and others, could not be duplicated. It was 
found that by enlarging the entrance to improve capacity, a large variety 
of results were obtained with small-scale models under seemingly similar 
conditions. The capacities for inlet control, however, agreed with earlier 
findings.
Effect of Approach Conditions
It was found that the difference in characteristics of flow with other 
than inlet control could be partly  attributed to conditions in the approach 
channel. This effect is demonstrated in Fig. 12 which shows the results 
obtained on a 5^-inch diameter model culvert using a thin wall conical
F i g . 12. T a p e r e d - I n l e t  C u l v e r t — E f f e c t  o f  A p p r o a c h  C o n d i t i o n s  o n  P e r f o r m a n c e
o f  5 .5 - I n c h  M o d e l .
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tapered inlet, having a face area 2.38 times the barrel area. The results 
as shown are for two steep barrel-slopes of 5 per cent and 9 per cent, under 
various approach channel conditions. The ordinate scale is the relative head­
water depth above the culvert flow line at the inlet face and the abscissa 
is the discharge rate expressed as (Q /D 5/2) 2 . The central dashed line is 
the perform ance curve for an unvented barrel on a 5-per-cent slope, ob­
tained by suppressing the vortex. The black circles indicate head-discharge 
relations obtained with the unvented barrel on a 5-per-cent slope under 
a variety of approach-channel conditions. The headwater at a given dis­
charge rate not only varies with channel conditions but it fluctuates as the 
strength of the vortex varies with time. The dashed line at the right and 
the open circles show sim ilar data for this long-barrel culvert, 66 diameters, 
on a 9-per-cent slope. Increasing rates of flow at a nearly constant head­
water of 1.5D can be obtained, as found by other investigators, but it ap ­
pears that at heads above 1.5D almost any result between minimum and 
maximum perform ance may be obtained with small-scale models if approach 
conditions are varied. The solid line on the left shows the results obtained 
with the barrel vented immediately downstream from  the inlet, the purpose 
being to maintain atmospheric pressure at this point. The same result can
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be obtained by introducing an unequal transverse velocity distribution in 
the approach channel, which is conducive to the formation of a vortex. 
Venting was simply a laboratory  expedient for obtaining a curve represent­
ing minimum perform ance for a given enlarged inlet.
Performance of Two Model Sizes
Comparison of the perform ance of two model sizes having d issim ilar 
approach channels is demonstrated on Fig. 13. These tests were m ade 
with a somewhat sm aller thin-wall. tapered, oval-shaped inlet, with the 
entrance only as high as the barrel and with an area about 1.79 times the 
barrel area. The model barrels  were 5.5 and 12 inches in diameter with 
smooth walls and each had a length of 42 diameters. Each model was tested 
at two steep slopes; 5 per cent and 9 per cent for the 5.5-inch model, and 
5 per cent and 8 per cent fo r  the 12-inch size. The 5.5-inch model p ro ­
duced an identical perform ance curve for the two slopes, as indicated by 
the intermediate line on Fig. 13, with some points plotting low as before. 
In contrast, the 12-inch model in an entirely different channel and on 5- 
per-cent slope, produced a perform ance curve of less capacity, depicted 
by the upper line on the same figure. The perform ance of the 12-inch model 
on an 8-per-cent slope, identified by the dashed line at the right, apparen tly  
represents entirely different conditions of flow. The results thus fa r  dem on­
strate that the perform ance of small scale models with improved inlets 
varies with the size of model and also the approach conditions; thus, these 
small-scale models cannot be relied upon to predict prototype behavior 
fo r  other than flow with entrance control.
Comparison of 30-Inch Corrugated-Metal Pipe with Model
Comparison of the operation of a 30-inch corrugated-metal pipe with 
vented barrel with that of the 5.5-inch and 12-inch models is shown on 
Fig. 14. The headwater scale is in dimensionless terms, H /D  , as before, 
and the discharge scale is now simply Q /D 5/2 , giving curved instead of 
straight lines. The 30-inch diameter prototype was a standard corrugated- 
metal culvert on a 15-per-cent slope. It was 30 feet long, including the 
4 feet long tapered inlet which was also of corrugated metal. The in le t 
face was oval in shape, slightly higher than the barrel diameter, with an  
area 1.79 times the barrel area. The approach channel was 4.8 diameters 
(12 feet) wide for this installation, compared with widths of 12D and  
13D  for the models. Headwater was restricted by laboratory  limitations 
to a depth of 6 feet or 2.4 diameters for the 30-inch culvert.
The upper curve on Fig. 14 shows the minimum perform ance of th is  
inlet as determined from the 5.5-inch and 12-inch models with vented barrels . 
The open circles show the test data obtained for the 30-inch size with a
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norm al installation, i.e., an unvented barrel. The variation of these points 
from  the minimum perform ance curve is due to reductions in pressure in 
the 30-inch barrel, a condition which could not occur in the vented models. 
T he  line at the right and the solid points show the results from the 30-inch 
culvert when made to flow full by suppressing, by use of a floating raft, 
the vortex which norm ally forms intermittently over the inlet. At discharge 
rates less than 6Q /D 5/2 and headwater depths less than 1.71), the perform ­
ance of the 30-inch prototype follows the minimum perform ance curve 
■defined by the sm aller models. For discharges greater than 6Q /D 5/2 it 
is apparen t that the perform ance of the 30-inch prototype, with the p a r ­
ticu la r  approach channel used, was more favorable than the minimum per­
form ance defined by the small scale models. It is also evident that the 
perform ance of the 30-inch culvert differed substantially from the full 
conduit flow curve obtained by suppressing the vortex. The conclusions 
to be drawn from  the model-prototype comparison of culverts can be stated 
as follows:
(1) Model results are indicative of prototype behavior over the full 
range of operation fo r  culverts without enlarged entrance.
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(2) The perform ance of small model culverts with enlarged inlets de­
signed for improved capacity is not indicative of prototype behavior.
(3) The expedient of venting a model immediately downstream from 
the enlarged inlet provides a satisfactory means of introducing 
pressure conditions in the model barrel approxim ating those of 
field size culverts.
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D is c u s s i o n
K. W. Carter commented that the U.S. Geological Survey likes to use 
bridges and culverts as discharge meters and has carried out extensive 
model tests along the same line and is constantly seeking verification of 
these model tests. The accuracy shown in the verifications reported by the 
speaker is very encouraging because, if  backwater can be computed within
http://ir.uiowa.edu/uisie/39
15 per cent, it means that discharge can be computed with com parable 
accuracy by observing a few high water m arks and measuring the character­
istics of the approach channel.
Douglas Schneible commented on Fig. 10 which showed par t of the 
bridge over Big Nichols Creek washed out. He said that the bridge originally  
built was 200 feet long. About ten years ago a flood occurred and some 
spans were lost at the abutments. The highway engineers knew that the 
bridge was too short; so they proceeded to make it 400 feet long. Then, 
as the photograph showed, the eddies washed out the in terior spans and 
the highway engineers were at a loss to explain what happened. When 
a bridge washes out the highway engineers usually  agree that it was too 
short so they put in longer bridges. Other comments were about the d rift 
lodged upstream on the piers and the eddies which resulted in underm ining 
the foundations of the piers.
W illiam Ree noted that the maximum percentage difference between 
an estimated and calculated backwater was 13 percent and asked if the 
difference in the discharge Q would be of the same order. The speaker 
replied that the backwater varies as the square of the velocity, therefore 
as the square of the discharge at a given opening. The questioner then 
said that, since the discharge varies as the square root of the head, the 
e rror in Q would be 6-£ per cent rather than 13 per cent and the speaker 
agreed. Another question about the allowance fo r  the debris accumulated 
on the piers was answered by Joseph Bradley, coauthor of the paper, with 
the statement that an allowance was made by considering the p ier wider 
than it actually was. Asked what head was shown on the culvert diagram, 
the speaker replied that it was the depth of the headwater pool measured 
from the invert at the entrance. With full-pipe flow this is not the total 
head loss in the culvert because with full-pipe flow the control is at the 
outlet end and not at the inlet.
Maurice Albertson said that the speaker seemed to im ply a doubt as 
to whether the model verified the prototype since he stated that they were 
geometrically sim ilar but evidently were not dynam ically sim ilar and asked 
the speaker to elaborate on this, since it was not clear why they shouldn’t 
be similar. The speaker said that he did not mean to give the impression 
that the prototype verification was being questioned. He then asked John 
French to give a more authoritative answer. Mr. French said that with 
reference to Fig. 14 and the perform ance curve on the left in the 30-inch 
prototype tests it was not definite that conditions were exactly similar. The 
questioner asked if it was the air  entrainment dimensions, the air  flow as­
sociated with it, that was different between model and prototype. Mr. French 
stated that that was quite true and that air entrainment, more particu larly  
the vortex formation over the entrance, would vary with all approach con­
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ditions. The questioner pointed out that if the model were geometrically 
s im ilar the approach conditions would be the same in each case and there­
fore the vortex would be the same. Mr. French said they were not sure 
of that but there was not complete sim ilarity  in the approach  channel because 
of physical limitations imposed by the facilities. In the small models it 
was possible to make the approach channel twelve times as wide compared 
with five times for the larger models. There seemed to be a tendency to 
get considerably better vortex-formation sim ilarity with wider approach 
channels. The questioner said he thought it im portant to consider upstream 
conditions and all approach conditions in the- statement that the model 
and prototype are geometrically similar. Mr. French added that most of the 
problem s in the culvert-model tests could be traced to the approach condi­
tions. That accounts for the fact that there is an area and not a simple 
linear relationship. The speaker pointed out that without venting the barrel 
at the point where the approach contracts there are large negative pressures 
and those negative pressures can not be expected to scale up from the model 
to the prototype because they depend on the amount of air  being pulled  in 
by the vortex which apparently  isn’t similar.
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MODEL-PROTOTYPE RELATIONS IN TH E STUDY
OF CABLE-TOWED BODY SYSTEMS 
W. M. E l l s w o r t h  
David Taylor Model Basin
I n t r o d u c t i o n
Brief reflection on the title of this paper should make clear the necessity 
of p lacing restrictions on the discussion to follow. The great variety of 
cable-body systems certainly precludes a comprehensive treatment of the 
subject in this presentation, even if such were within the capabilities of 
the author. The general discussion will, therefore, be limited to the hydro ­
dynamics of cable-body systems which are within the cognizance of the 
Hydromechanics Laboratory of the Taylor Model Basin. This still leaves 
a rather broad field to be covered and there is need to separate the various 
systems in such a way as to facilitate an ordered discussion. For this reason 
an attempt will be made first to describe the characteristics of cables only 
and thus to arrive at a system of classification based on cable configuration. 
Illustrations will then be given of some of the systems of interest to the 
Navy; and, finally , model-prototype considerations in the design of a typical 
system will be discussed. By this arrangem ent of the m aterial, it is hoped 
to familiarize the reader with the hydromechanical problem s which confront 
the designer of cable-towed body systems and the techniques of model and 
full-scale research directed toward solution of such problems.
C a b l e  C h a r a c t e r i s t i c s
Since the earliest writings in the field of fluid mechanics, there have 
been numerous references to experiments on flow around circular cylinders, 
rods, and cables. Such research has included measurements of the resistance 
for varied surface roughness and angles to the stream as well as studies 
of vibration caused by eddy shedding. F igure 1 shows the envelope of data 
collected from more than thirty references of experiments conducted to 
determine the drag  coefficient of a circu lar cylinder at 90 degrees to the 
stream. The variation in measured values may be attributed to variations of 
surface roughness, free-stream turbulence level, vibration resulting from  
eddy shedding, and a host of small differences in measuring technique. Such 
influences, even though in themselves small, can cause appreciable d iffe r­
ences in the boundary layer particularly  near the critical transition region. 
U nfortunately, most cable problems are concerned with cables of the order 
of one inch in diameter and speeds of 10 or 20 knots, which is the range of
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boundary-layer transition. It is not surprising, therefore, that there is still 
considerable controversy regarding the hydrodynamic loading on a cylinder 
a t  stream angles of less than 90 degrees. This is a problem  involving a 
three-dimensional boundary layer and there have been some attempts at 
ana ly tica l solutions. Thus far, however, only the lam inar case [1 to 6] has 
been handled with any degree of success. Therefore, as is most generally 
the case, it becomes necessary to make simplifying assumptions and to adopt 
some approxim ate formulation based on the best available experimental 
evidence.
In this discussion, the following assumptions are m ade:
(1) The hydrodynamic forces on a cable element are independent 
of the flow at the neighboring elements.
(2) The hydrodynamic forces, the weight, and the cable tension 
acting on an element lie in a single plane.
(3) The velocity field is steady and uniform, and the fluid medium 
is homogeneous and incompressible. (In this regard, the effect
TOW POINT
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of a free surface will be neglected; and, in cases where the cable 
configuration lies in more than one medium, each section is 
treated as a  separate problem .)
(4) The cable offers no bending resistance and cannot support a 
compressive force.
Figure 2 shows the external forces acting on a cable element. Here 
F and G represent the normal and tangential hydrodynamic forces, per unit 
length. The initial problem thus becomes one of describing the functions 
F and G. Many simplified formulations have been proposed and these 
have been summarized in a recent paper by Eames [7 ] .  Some investigators 
[8 to 11] neglected the tangential component G, while others [12,13,14] 
assumed it to be constant, i.e., independent of cable angle, and directly 
proportional to the resistance of the cable norm al to the stream. As for 
the normal component, in the case of a circular cylinder, experimental 
evidence [15 to 18] indicates that the assumption F =  R  sin2 <j> , where 
R is the resistance of the cable when normal to the stream, is valid at least 
for a wide range of stream angles. It is believed, however, that the func­
tions proposed by Whicker [19] provide the most general formulations 
satisfying the limiting conditions. Furtherm ore, they are also applicable 
to noncircular cross sections. He proposes the following expressions for 
F and G in a steady-state configuration:
F -  K (a sin2 <f> +  b sin </>)
G — R (d cos2 </> +  e cos <j>)
Here, a, b, d, and e are nondimensional empirical coefficients which depend 
on the cross-sectional shape and the roughness of the surface. Note that 
these expressions satisfy the limiting conditions for <£ = 0 and <f> — 90 
degrees. Furtherm ore, examination of experimental data for the circular 
cylinder at angles to the stream indicate that a ~ l  and 6 ~ 0  which agrees 
with the “ sine-squared” assumption. The data also show that, at least for 
<p >  45 degrees, the tangential component is quite small and can be neglected 
in many cases without serious consequences. In spite of the apparen t validity 
of previous, more simplified assumptions, for a wide range of conditions 
W hicker’s proposal appears to be a more rational approach and points 
out the danger of over-simplifying the loading conditions for cases of non­
c ircular sections and fo r  cases where the stream angle <f> is small. In  this 
regard, attention should be called to the fact that the value of R is not 
constant since it varies with the Reynolds number, the roughness of the 
surface, and possibly other variables. Thus, even if the “ sine-squared” 
assumption is valid, the p roper R  must be chosen in order to obtain the 
correct norm al hydrodynamic force, F . Referring again to Fig. 1, the 
im portance of this consideration is emphasized particu larly  in the neigh­
borhood of the boundary-layer-transition region.
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The assumption of the “ sine-squared” relation leads directly to the 
conclusion that a cable towed in a flu id  stream will tow in a straight line 
at an equilibrium  angle which is a function only of the cable weight (or 
buoyancy) and the resistance of the cable when norm al to the stream. 
Summation of the forces normal to the cable gives the expression
for the nonbuoyant case and
fo r the buoyant case, cf>c is the equilibrium  angle to the stream (denoted 
the critical ang le) ,  W is the weight (either positive or  negative) of the 
cable per unit length in water, and R is the resistance per unit length when 
the cable is norm al to the stream.
On this basis there is now a means by which various types of cable con­
figurations may be classified. Depending on the critical angle of the cable 
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configuration [13] shown in Fig. 3. The systems m ay thus be separated 
according to the quadran t or combination of quadrants in which they fall. 
This is illustrated in Fig. 4.
The characteristics of the cable configuration, that is, the geometry and 
tension, may be expressed in nondimensional form and computed by nu ­
merical methods. This has been done by Landweber [12] fo r  the case 
where the weight is neglected and the tangential cable force G is assumed 
to be approxim ately two per cent of the resistance of the cable norm al to 
the stream. Results have been tabulated for all configurations and a g raph ­
ical solution is given for the Q uadrant I case.
Pode [13,14] perform ed a similar but much more comprehensive ana ly ­
sis, taking the weight of the cable into consideration. These results have 
been tabulated fo r  a wide range of variables, including values of the tan ­
gential component of 1, 2. and 3 per cent of the normal resistance. This 
permits taking into account variation in surface roughness from  smooth 
(1 per cent) to rough (3 per cent) cables.
C o n f i g u r a t i o n s  i n  Q u a d r a n t  I
In the interest of keeping the scope of this paper within reasonable 
limits, the discussion will now be restricted to configurations in Q uadrant
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I. Herein, the Navy’s problem is generally  that of positioning a device 
a t some prescribed depth below a vessel operating in a seaway. Some typical 
examples are cable-towed sonar transducers, tem perature recorders, sea­
water samplers, and speed-measuring devices such as the TMB Knotmeter, 
shown in Fig. 5. In each case it is required to house a device in a stable
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body which, when towed at a prescribed speed, will apply  to the cable the 
forces needed to attain a prescribed depth. There is obviously no unique 
solution to this problem and it thus becomes necessary to choose some sta rt­
ing point. This may be any combination of the unknowns, cable diameter, 
cable length, depth of towed body below towpoint, body downforce, body 
resistance, cable angle at towed body, and maximum tension, as long as 
the known or prescribed param eters are sufficient to calculate the unknown 
quantities using the previously referenced cable calculation techniques. 
For initial computations it should be emphasized that, in many cases, neglect 
of the cable weight is entirely consistent with engineering accuracy and 
considerably simplifies the cable calculations. After the gross character­
istics of the system have been determined, a more refined calculation can 
be made taking the cable weight into account.
A typical situation would be one wherein the cable characteristics, max­
imum cable length, desired operating depth at maximum speed, and the 
characteristics of the device to be housed are prescribed. The problem 
thus is reduced to that of design of a suitable towed body.
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T o w e d  B o d y  D e s i g n  
Body Shape
The basic body shape is generally dictated by the size, shape, and orien­
tation of the equipment to be housed. Having satisfied these requirements 
the next consideration is usually one of minimal resistance. This calls for 
the selection of a streamline shape having a minimum projected frontal 
area. In many cases a simple cylinder with ellipsoidal nose and tapered 
tail will suffice as was the case with the TMB Knotmeter. W here minimum 
resistance is of prim e importance, however, more refined shapes must be 
considered. These are, of course, many and varied and must be chosen to 
fit the particu lar situation. There is one particu lar consideration, how-
Body Len g th  
Max.  D i a m e t e r
F ig . 6 .  V a r i a t i o n  o f  R e s i s t a n c e  C o e f f i c i e n t  w i t h  F i n e n e s s  R a t i o —  
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ever, which should be borne in mind. This is the question of selecting a 
reasonable fineness ratio, i.e., ratio of body length to maximum thickness. 
F igure 6 illustrates that fo r bodies of revolution the minimum resistance is 
obtained fo r  a fineness ratio of about 2. Caution should be exercised, 
however, in choosing too low a value because of possible difficulty due to 
eddy-shedding from the afterbody. If this occurs the body may not tow 
in a steady manner even though it is dynam ically stable. Experience, thus 
far, has shown that this consideration limits the fineness ratio to a minimum 
of about 3 to 1 and preferably  4 to 1 unless special attention is paid to 
the design of the afterbody.
When the body shape has been chosen, the next step is to determine 
the resistance and moment characteristics. The resistance of the body can 
be determined approxim ately by choosing a reasonable drag  coefficient 
based on various results reported in the technical literature or in a general 
reference such as the book by H oerner [20], The resistance coefficient 
selected would be that for the Reynolds num ber corresponding to the design 
speed of the prototype body.
Having determined an approxim ate value for the resistance of the body 
with tails, the downforce required to satisfy the prescribed cable config­
uration may then be computed. It must then be decided as to what means 
will be used to provide the required downforce. If there is sufficient volume 
available in the body, ballast may be added to give the required weight. 
This is frequently the simplest alternative but it has two principal disad­
vantages. First, the dead load weight of the body is increased and this 
may pose a problem in handling. Second, the depth at which the body 
will tow is a function of speed since the downforce stays constant while 
the resistance varies with the square of the speed. As an alternative, a de-
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pressing wing can be added to the body as shown in Figs. 5 and 7. This 
overcomes the problems of excess weight, because the body weight can be 
held to a minimum, and of depth change with speed, because the down- 
force changes approxim ately with the square of the speed due to the small 
effect of Reynolds num ber on the lift-drag ratio of the body. Of course, 
there are many factors which must be considered in designing the wing; 
but, rather than elaborate on them in this paper, the inform ation contained 
in references 21, 22, 23, and 24 should serve as a guide.
There are sometimes certain special problems that arise in selection 
of body shape. An example is the problem of cavitation which may occur 
in cases where the body is towed at high speed and shallow depths. Here it 
is necessary to select a shape with a minimum cavitation index. This means 
that we wish to minimize the peak negative pressure on the body. A con­
venient means to accomplish this is by the so-called “cavitation cavity” 
technique. Herein, a nose shape is selected according to the operational 
requirements and shape of equipment to be housed. This shape is then 
mounted on a rod in a water tunnel and subjected to flow conditions which 
cause a cavitation cavity to form. The cavity behind the nose section is 
photographed, and the body shape becomes that of the cavity with allow­
ances for fairing  of the tail section in the location of the re-entrant jet. To 
check the pressure distribution, a model is constructed with pressure taps 
along the surface, and water-tunnel measurements of the actual pressures 
are made. Figures 8, 9, 10, and 11 show various steps in the development 
of a body [25] to house an air-towed sonar transducer having the shape of 
a sector of a cylinder.
Static Stability
The next matter to be considered in design of the body is the provision 
of suitable stabilizing surfaces. In the case of a body of revolution of a p ­
proximately ellipsoidal shape, a convenient means of estimating the unstable 
hydrodynamic moment is given by Munk [26]. The Munk formula, having 
been obtained from  potential flow considerations, does not account fo r the 
effects of viscosity; thus, the computed hydrodynam ic moments will be 
larger than the actual values, sometimes by as much as 20 per cent. This, 
however, is on the safe side and does not detract from the use of this method 
in making a first approxim ation to the size of stabilizing surfaces for a p ­
proximately ellipsoidal bodies. This method can also be extended to bodies 
other than bodies of revolution by p roper choice of added mass coefficients 
[27]. The unstable bare-body moment, having been computed approximately, 
can be converted to coefficient form and plotted against angle of attack. For 
a body of revolution this curve is the same in either the yawing (lateral)  
or pitching (vertical) plane. Since the moment is destabilizing, the slope
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of the curve is chosen to be positive. That is, the hydrodynamic moment tends 
to increase the yaw or pitch angle of the bare body. The question now be­
comes one of determining the degree of “ static stability” which must be 
provided by the addition of stabilizing tails. By the term static stability 
is meant the slope of the hydrodynamic-moment-coefficient curve at zero 
angle of attack. If  (dCm/d a )  o > 0  the body is said to be statically u n ­
stable and conversely fo r  (dCm/d a )  a=o < 0. The body has neutral static 
stability if (dCm/d a )  a=o =  0. Here again, judgm ent must be exercised in 
determining how much static stability to provide. Actually, what is sought 
is insurance that the final design will be “ dynam ically” stable when towed 
at the desired operating conditions. Unfortunately, however, the present state 
of the knowledge regarding the dynamics of cable-body systems is by no
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F i g . 11. W a t e r - T u n n e l  M o d e l  o f  F i n a l  C a v i t y - S h a p e  B o d y  w i t h  A p p e n d a g e s .
means complete. Therefore the only safe statement to be made is that static 
stability is a required, but not necessarily sufficient, condition for the 
dynamic stability of a cable-towed body. Experience has shown, however, 
that dynamic stability is usually assured if the negative slope of the moment- 
coefficient curve of the body with tails is made at least one half  the positive 
slope of the mom ent coefficient curve of the bare body. This criterion is 
illustrated in Fig. 12. This “ rule of thum b” is, of course, subject to con­
siderable question, and caution must be used in applying it too literally. 
The only real solution lies in continued research directed toward a more 
complete understanding of system dynamics.
M o d e l - P r o t o t y p e  C o n s i d e r a t i o n s
We have thus fa r  followed through in a very sketchy m anner the con­
siderations that go into arriv ing  at a tentative design of a cable-towed body 
system. Up to now, although model techniques have played some p a r t  in 
defining the shape of the towed body, most of the problem  has been one 
of app ly ing  engineering judgm ent in defining a host of variables. Now that 
a tentative design has been form ulated, the validity of assumptions and 
approxim ations must be established. This is generally done first by model 




C O E FFIC IE N T
F i g . 12. C o m p a r i s o n  o f  S t a b l e  a n d  U n s t a b l e  H y d r o d y n a m i c  M o m e n t -C o e f f i c i e n t
C u r v e s .
Measurement of Body Forces and Moments
The first requirement for model studies is usually  that of m easuring 
the forces and moments on the body fo r  a range of speeds and angles to 
the stream. Since we are considering only the Q uadrant I case, the towed 
body is deeply submerged and only the Reynolds criteria  need be considered 
in evaluating the effects of scaling forces and moments from  model to p ro ­
totype. This means that if we construct a 1/^-scale model the forces and 
moments will be the same, model and full-scale, if we run  the model in 
water at a speed twice that of the prototype. U nfortunately  this is usually 
not possible due to limitations on towing speed of the carriages, difficulties 
with strut aeration cavity, and limitations of force-measuring equipment. 
It is the practice, therefore, to select a model size consistent with these 
limitations and run at as high a speed as practicable. F igure 13 shows
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F ig .  13. I : 7 - S c a l e  W o o d e n  M o d e l  o f  S t r e a m l i n e d  B o d y  o f  R e v o l u t i o n  w i t h  
T r i p  W i r e  f o r  T u r b u l e n c e  S t i m u l a t i o n .
(B a se d  on body len g th )
F i g . 14. E f f e c t  o f  S a n d  S t r i p  o n  R e s i s t a n c e  C o e f f i c i e n t  o f  S t r e a m l i n e d  B o d y" 
o f  R e v o l u t i o n — F i n e n e s s  R a t i o  4 t o  1.
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F ig . 15. I n s t r u m e n t e d  D y n a m i c  M o d e l  o f  V a r i a b l e - D e p t h - S o n a r  B o d y .
a  typical wooden model of a cable-towed body of revolution. This model 
is 1 /7  the size of the proposed prototype and thus presents some problems 
with respect to the effect of boundary-layer transition on the resistance 
measurements. These were resolved by providing a tripwire around the 
nose of the model which stimulates early transition and fixes the location 
of the transition point. A sim ilar technique employs a sand strip or small 
studs near the leading edge of the model. F igure 14 shows how the ad ­
dition of a sand strip affects the resistance of a body of revolution [28] 
of fineness ratio 4 to 1.
After measurements of the forces and moments acting on the model 
of the bare body have been made, the appendages are attached and the 
measurements are repeated. If necessary, modifications to the tail design 
can be made on the basis of these results.
Towing Characteristics
The final proof of the successful design lies in its perform ance under 
actual dynamic conditions. Construction of a prototype and provision of 
a ship with the necessary operating personnel, however, require a consider­
ab le amount of money. It is, therefore, desirable to conduct dynamic model 
studies under conditions which closely approxim ate those which occur at 
fu ll scale. This serves a twofold purpose. First, the model studies provide
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F ig . 16. E x p o s e d  V i e w  o f  I n s t r u m e n t a t i o n  B o x  a n d  B a l l a s t — D y n a m i c  M o d e l  
o f  V a r i a b l e - D e p t h - S o n a r  B o d y .
a check on the acceptability of a particu lar  design and perm it relatively 
inexpensive modifications to be made before construction of the prototype. 
Second, if done in a rational and systematic fashion, they may provide 
useful inform ation for extension of the state of the knowledge on such p rob ­
lems to a point where a satisfactory design may someday be arrived at by 
analytical means. For the latter reason, the Model Basin usually constructs 
dynamic models with more extensive instrumentation than would be re ­
quired merely to check the gross towing characteristics of a particu lar  design. 
An example is the l/^-scale, fully-instrumented model shown in Figs. 15 
and 16. This particu lar  body, of Canadian design, illustrates the case where 
the body is not axisymmetric. Provision is made for continuous m easure­
ment of the vertical acceleration, pitch and roll angles, towline angle and 
tension, and depth of the body below the water surface. Since this is a 
dynamic model, it is im portan t to model p roperly  the weight, location of 
the centers of gravity and buoyancy, and the radius of gyration. This is 
the purpose of the lead ballast weights seen in the picture. It is by no means 
always a simple matter to do this, and, in order to accommodate the instru ­
ments, it is frequently necessary to effect some compromise in exactly model­
ing these parameters. If  this cannot be done, the parameters must be exactly
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determined, and allowance must be made for differences between model and 
prototype when the experimental results are analyzed.
The firs t tests to be made on the dynamic model consist of towing it 
in the basin. The model is attached to a fixed towpoint by means of a flex-
F i g . 17. T o w i n g  C a r r i a g e  a n d  T o w i n g  T a n k s — D a v id  T a y l o r  M o d e l  B a s i n .
ible cable of scaled diameter. F igure 17 shows one of the towing carriages 
generally used for this purpose. The time history of the body’s attitude 
is recorded as well as the cable tension and angle at the towed body fo r  a 
range of speeds scaled to correspond to that of the prototype. Since the 
m ajor  consideration is the stability of the body under tow, the scale speeds 
are determined according to the dynamic-scaling law. This is the well- 
known Froude criterion wherein the ratio of model speed to prototype 
speed is equal to the square root of the ratio of model length to prototype 
length. Another way of stating this is, that the ratio of inertial forces to 
gravity forces are made the same for model and prototype. Thus, fo r a 
1/7-scale model, a speed of 10 knots corresponds to a prototype speed of 
about 26.5 knots. Of course, this means that the hydrodynamic forces may 
not be properly  scaled. However, if  the tests are conducted at a Reynolds 
num ber high enough to avoid problems of transition from lam inar to tu rbu ­
lent flow on the body, the lift, drag, and moment coefficients may be as­
sumed to stay reasonably constant over the range from  model to prototype. 
Actually a 1/7-scale model is marginal in this respect and the usual scale 
ratio is no sm aller than 14 or Vs ' n order to minimize scale effects. U n­
fortunately, large-scale model facilities such as those at the Model Basin
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are somewhat of a rarity, and viscous scale effects m ay prove a trouble­
some problem to those who are forced to use very small models.
There are actually three objectives in conducting steady-state towing 
tests. First, it is desired to check the dynamic stability and steadiness of 
the body under steady tow. Herein it is im portant to distinguish between 
these two terms. A cable-towed body is said to be dynam ically stable if, 
given a disturbance, the body always tends to return  to its original path. 
This says nothing, however, about how much dynamic stability the body 
possesses. Furtherm ore, the body may be dynam ically stable and still have 
unsatisfactory towing characteristics. This could be due to inadequate 
dynamic stability, wherein it takes fa r  too long fo r  a disturbance to damp 
out, or it could be a result of continual disturbing forces which prevent 
the body from returning to a steady path. The latter unsteadiness is f re ­
quently caused by eddy shedding on a too-blunt afterbody, as mentioned 
under considerations of body shape.
The second objective of the steady-state towing tests is to check on the 
static trim or yaw of the body. Generally, the body trim poses no problem 
if the required downforce is produced by weight alone, since the center 
of gravity is usually located below the towpoint. Even if this is not the 
case, the lift on the horizontal tail is usually  sufficient to compensate satis­
factorily  for any unbalanced-weight moment. In  the case where a depressing 
wing is used, the 14-chord point of the wing, the center of gravity, and the 
towpoint are usually located on the same vertical line. This means that the 
wing moment and weight moment about the towpoint are both small and 
easily overcome by the horizontal tail. There is a problem, however, in 
that the horizontal tails may be in the “up wash” of the wing. This gives 
the horizontal tails an effective angle of attack and has an appreciable in ­
fluence on the static trim  of the body. To avoid this, an estimate of the 
up-wash angle m ust be made and the angle of attack of the horizontal tail 
adjusted accordingly. In the lateral plane, small asymmetries in design 
or m isalignment of the vertical tails can cause the body to “kite” off to 
one side. This is usually  undesirable; therefore, provision is made fo r  trim 
tabs on the vertical tail surfaces as shown in Fig. 15. Thus, if  this condi­
tion is found to exist during  the steady-state tow, corrections may be made.
The third objective of the steady-state tests is to check the m agnitude of 
the steady-state forces acting on the body including any interaction effects 
from the cable. From measurements of the tension and cable angle a t the 
body, a check on the actual resistance coefficient may be made. Also, since 
the water weight of the body is known, the hydrodynamic downforce may 
be computed. These values are then used to make a final cable calculation 
to verify that prototype specifications will be met.
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Effect of Towing Platform Motion
At this point, having verified the steady-state towing characteristics of 
the body, checked the magnitude of predicted forces, and refined calcula­
tions of the cable configuration, the designer might well breathe easier 
and p repare  to release the design fo r  construction of the prototype. U n ­
fortunately, however, the surface of the sea is fa r  from that of a mill pond; 
and, in designing a ship-towed cable-body system, serious consideration 
must be given to the effect of towing-platform motion on the system. Herein 
lies an extremely difficult modeling problem. The motion of a ship in a 
complex seaway is more or less random in nature and practically  impossible 
to reproduce exactly in the laboratory. Furtherm ore, since the prototype 
cable is usually several hundred feet in length, it is not possible to scale 
cable length properly  in the laboratory  without going to extremely small 
models. For example, it would not be unusual to use a cable length of 400 
feet in towing a prototype body in Q uadrant I. Since the deepest tank at 
the Model Basin is 22 feet deep, it would be necessary to use a scale ratio 
of less than 1 /2 0  in order to scale the cable length properly. In most cases 
this would mean that the towed-body model would be less than one foot in 
length. Even disregarding the scale effects, the problem of fitting the neces­
sary instrum entation into such small models would make this impracticable. 
Thus, again, some compromise must be made. As a first attempt at assessing 
the effect of towing pla tform  motion on the cable-body system, the Model 
Basin has constructed what is known as the “heaving towpoint” facility. 
This device, shown in Fig. 18, is attached to one of the towing carriages 
and permits the introduction of prescribed vertical displacements at the 
towpoint of a dynamic model. Input motions may be generated which are 
nearly  sinusoidal with variable circular frequency of from zero to about 
3 radians per second and variable am plitude of from zero to ± 4 .5  feet. 
The maximum allowable load is about 1000 pounds including inertial forces. 
Provision is also made fo r  introduction of an impulse in order  to study 
transient behavior.
Tests are presently being conducted to study the response characteristics 
of the fu lly  instrumented l/3-scale dynamic model shown in Fig. 15. Figure 
19 shows this model being subjected to vertical motions of the towpoint 
while under tow. One of the principal objectives of such tests is to de­
termine the effect of cable length on the response of the towed body to a 
given vertical input motion. Since it has not been practicable to scale the 
cable length, it is essential to assess the magnitude of this effect. It is 
hoped that tests of short-cable scope will represent a fa r  more severe situa­
tion than will exist with the prototype and thus, that any difficulties with 
system response will be over-emphasized.
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F i g . 18. H e a v i n g - T o w p o i n t  F a c i l i t y  A t t a c h e d  t o  T o w i n g  C a r r i a g e .
To gain further  insight into the validity of such model tests, this same 
dynamic model has actually  been taken to sea and measurements have been 
made of the system characteristics with a properly  scaled cable length. 
Sea conditions were chosen to represent, as nearly  as practicable, scaled 
wave conditions. These trials were made possible through a cooperative
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F ig . 19. I n s t r u m e n t e d  D y n a m i c  M o d e l  B e i n g  E v a l u a t e d  o n  H e a v i n g - T o w p o i n t
F a c i l i t y .
program  with the Naval Research Establishment in Canada. Results of the 
tests are presently being analyzed, and it is hoped that they will provide 
answers to some of the many questions regarding prediction of prototype 
behavior under actual operating conditions. This is, of course, only an 
intermediate step; final verification of this experimental model technique 
can  only come from  measurements of actual prototype-system perform ance 
and comparison of model and full-scale results. Although some measure­
m ents have already  been obtained on a prototype of this same dynamic 
model, data are still limited and it will be some time before the validity 
o f  the model-motion tests can be established.
Actually, obtainment of full-scale data is one of the m ajor problems 
confronting the research worker seeking to verify or improve techniques 
fo r  predicting prototype behavior from  the results of model studies. The 
problem  arises fo r  two principal reasons. First, after a particu lar  design 
is given to the operating forces fo r  evaluation, the prim ary  objective be­
comes that of determining if  the m ilitary  requirements have been satisfied. 
I t  is only fa ir  to say, however, that this situation grows out of an immediate
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and  urgent need fo r  hardw are to put in the fleet and is, therefore, not with­
out reason. Also, with the assistance of other laboratories having especially 
assigned full-scale facilities such as the Underwater Sound Laboratory at 
New London, Connecticut, and Mine Defense Laboratory at Panam a City, 
F lorida, the situation is continually  being improved.
The second reason for the difficulty in obtaining full-scale data lies 
in problems inherent in obtaining accurate measurements at sea. No one 
who has not experienced the sensation of recording data while clinging 
grimly and wetly to a stanchion on the stern of a vessel undergoing violent 
motion in six degrees of freedom can tru ly  appreciate the situation. F urther ­
more, one can be quite complacent in the laboratory  when handling a 1/7- 
scale model 3 feet long and weighing 100 pounds, but it comes as a  rude 
shock, when one is brought face to face with the prototype and finds that 
it is 21 feet in length and weighs 34,300 pounds. Under these conditions, 
the concept of precise laboratory  measurement with delicate instruments 
becomes quite remote and a whole new host of measurement problems must 
be solved. F igure 20, fo r  example, gives some idea of the tremendous size 
of equipment used to handle a prototype variable-depth sonar system.
F u n d a m e n t a l  R e s e a r c h
The preceding discussion has been mostly limited to some of the prac ­
tical hydrodynamic-design problems associated with the development of a 
particu la r  cable-towed body system. Even such a limited treatment should, 
however, illustrate the great need for more fundam ental research on the 
various hydrodynamic problems which have been, and will continue to be, 
encountered. This need has long been recognized by the Model Basin and 
a considerable par t  of its research effort is devoted to this end. The effort 
is p rincipally  directed toward im proving analytical methods of describing 
system behavior in order to place design procedures on a firm er rational 
basis.
Equations of Motion
In the past, several attempts [9,10,11] have been made to describe 
m athem atically the dynamics of certain types of cable-body systems. This 
has proved most helpful in analyzing many aspects of the problem , but 
the necessity for making numerous restrictive assumptions has severely 
limited the application to a few over-simplified cases. Recently, however, 
Whicker [19] has derived general equations of motion for a cable-body 
system in terms of generalized hydrodynamic-loading functions. He describes 
the system by four first-order, quasilinear partia l differential equations 
and by the method of characteristics has obtained a solution fo r  any arbi-
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F ig .  20 . V a r i a b l e - D e p t h - S o n a r  H o i s t  o n  S t e r n  o f  U S S  M A L O Y  ( D E 7 9 1 A ) .
trary  motion. This promises to form  the framework around which can be 
built a systematic collection of data on the hydrodynamic characteristics of 
various system components. By such means the designer may hope to de­
termine eventually the dynamic behavior of a particu lar  system by means 
of an analog computor. Until such time as this becomes possible, however, 
the designer must still resort to em pirical methods since there is little point 
in analytically describing the dynamics of a particu lar system when, to do 
so, the characteristic motion must be measured to provide the numbers to 
put in the equations. This emphasizes the necessity for avoiding random 
testing of widely differing designs and for concentrating, instead, on a  
systematic program.
Systematic Body Series
Some time ago, at the Model Basin, Gertler [28] made extensive tests 
on a series of bodies of revolution of analytic shape. Force and moment 
measurements were made and the stability derivatives were obtained for a 
wide variation of param eters including fineness ratio, location of maximum 
thickness, and Reynolds number. These results, while useful in designing 
some cable-towed bodies, are limited for such application since the smallest 
fineness ratio was 4 to 1 and only bodies of revolution were considered. 
As a result, there is need for extension of this work to include bodies o f  
lower fineness ratio and shapes more consistent with cable-towed body ap-
http://ir.uiowa.edu/uisie/39
plications such as that of variable-depth sonar. Such a series is tenatively 
p lanned along the lines shown in Fig. 21. This would, by no means, en­
compass all cable-towed body designs, but it should fill one more gap in 
the growing fund of design data.
Cable Fairing
Earlier in the discussion mention was made of the use of weight or 
depressing wings to perm it attainment of a prescribed body depth at the 
desired operating speed. It should be apparent, however, that the lim it­
ing factors in satisfying these requirements are the resistance and breaking 
strength of the cable. Furtherm ore, the vibration of the cable due to eddy 
shedding can become a serious problem  in reducing the fatigue life of the 
system and producing a high background-noise level. The logical answer 
to such problem s is to provide a fairing for the cable; and, for some time, 
the Model Basin has been conducting fundamental research directed toward 
the development of general cable-fairing design criteria [29]. Thus far, 
it has been demonstrated that a practical fa iring  can be built which will
xm ! Body of revolution
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eliminate the vibration of the cable and reduce its f lu id  resistance by a factor 
of 5 or 6 . Unfortunately, the classified aspects of this development prevent 
fu rther elaboration. It is hoped, however, to make much of this information 
the subject of an unclassified report sometime in the near future.
C o n c l u s io n
The objective of this paper has been to give the uninitiated reader a 
brief introduction to some of the m any problem s associated with the design 
of cable-towed body systems. If  the impression has been created that the 
designer must often rely on crude methods and incomplete data, it has been 
purely  intentional with the hope of stimulating more activity in fundamental 
research on these problems. On the other hand, much of the available 
material relating to cable-body problem s is of a classified nature and this 
sorely restricts giving a more complete picture. It is the author’s fond 
hope, however, that in the not too distant future, much of the material in 
classified Model Basin Reports may be abstracted and published in an 
unclassified design manual which is, in fact, now in preparation.
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D is c u s s io n
Louis Landweber said that he would like to emphasize the difficulty 
of the stability problem. With a plane the forces involved are of the order 
of m agnitude of the p lane’s weight but with the bodies described by the 
speaker the forces may be as great as 1000 times their own weight. He 
inquired about the work of Doctor Reber who came up with the thought that 
if  the tangential component of the friction were assumed to be given exactly 
by the cosine of the angle he would be able to integrate the equations exactly 
instead of numerically. Another question was about the assumption that 
the forces are all co-planar since twisted wire rope cables were being faired 
out and he recalled that such cables gave rise to forces that were not in a 
plane. The speaker replied that the latter is a problem  of considerable 
im portance particu larly  with a very long cable in Q uadrant I I I  stretched out 
behind a ship, like a towed noise maker. The circulation around a stranded 
cable produces the Magnus effect and the cable moves to the left or to the 
right and then upward. The solution is to cover the cable because when it 
is smooth there is no circulation effect and it will tow directly after the 
vessel. As to Doctor Reber’s work, it was not referenced because it was pub ­
lished in a Bureau of Ships m emorandum and is not generally available. 
It was available for these studies. Doctor Reber was a pioneer in this field.
Girard Calehuff asked whether most of the work described by the speaker 
was in the range where vibration is not im portant. The speaker replied that 
v ibration is im portant; that is why cables are faired. Obviously, the reduc­
tion of d rag  is important, but vibration is im portant from several stand­
points. One is that the vibration because of eddy shedding causes a p ro ­
nounced reduction in the life of the cable. There is a bad fatigue condition 
which is added to the corrosive effects of salt water. A nother problem  is 
that cable vibration establishes high background-noise levels in listening 
devices like sonar. The vibration travels and is transmitted into the listening 
devices. This has motivated the work on cable fairing  because with suit­
ably designed fa ir ing  vibration can be eliminated, and drag  reduced.
Captain W right asked about the cable stresses with a heaving towpoint. 
The speaker answered that they are calculated by starting at the bottom 
of the cable knowing the lift-drag ratio of the body which gives the angle 
of the cable and the downforce of the tension which is the square root of 
the sum of the squares of the lift and drag. Then, with the known character­
istics of the cable the calculations are carried to the top where the tension
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and angle of the cable are determined. The tension is measured in the 
model but it is not very significant because the cable is so short compared 
with the prototype. However, the heaving towpoint does give important 
information regarding the way the forces are transmitted from the towpoint 
on the surface down to the body.
Hasan M akarechian inquired as to what param eter is used to find out 
when vibration will occur. The speaker said that a nondimensional p a ra ­
meter known as the Strouhal num ber is used. It is equal to the frequency 
of vibration in cycles per second m ultiplied by the diameter of the cable 
and divided by the velocity of the cable, in such units that it is nondim en­
sional. For cables of the order of 1-inch diameter at speeds of 10 feet per 
second, with a Reynolds num ber in the range of 104 to 106, a good value 
to use for the Strouhal number is 0.2. Relf and Powell did considerable 
work on the relation between the Strouhal and the Reynolds num ber [16].
Jacques Geist remarked that the cavitation problem was handled by 
adopting  shapes which are the shape of the cavity and so correspond to 
zero angle of attack and asked to what extent the results are usable with 
bodies which move at a certain angle of attack. The speaker said that much 
depends on the individual body. For example, the sector of a cylinder as 
shown in the illustrations does pretty well at angles of yaw but would not 
necessarily do too well at angles of pitch. The intent is to give the body 
enough stability so it will stay on a straight course within very narrow  to ler­
ances. Of course, with the motion of a ship pulling  the body up and down, 
that is a pretty  hard  thing to do. However, if  the body is down 300 or 400 
feet the pressure is so high that cavitation is not highly probable. Of course, 
a projection such as a piece of paint sticking out on the body can produce 
an extremely low pressure over a small area.
The speaker added that one other point he would like to make as far 
as the shapes are concerned is that possibly the water-tunnel technique 
is now outmoded for studies of this kind. The free streamline theory may 
have been developed to a point where one can take a prescribed shape and 




THE VALUE OF PRO TOTYPE TESTS TO HYDRAULIC DESIGN
F. B. C a m p b e l l  and  E. B. P i c k e t t  
Waterways Experiment Station
I n t r o d u c t io n
The objective of this paper  is to review the prototype-test program  
of the Corps of Engineers, to emphasize the findings, and to demonstrate 
their value to engineers engaged in hydraulic  design.
Background
Field tests of hydraulics phenomena were made many years before 
hydraulics laboratories came into prominence. To mention a few; H umphreys 
and Abbot [1] reported on the hydraulics of the Mississippi River 
in 1876 and Scobey [2,3,4] made numerous tests on artificial channels 
in the second and th ird  decades of this century. The prototype test results of 
Keokuk spillway by Nagler and Davis [5] were published in 1930. Some 
im portant prototype tests on hydraulics structures were described in  an 
ASCE symposium [6] in 1944.
In the meantime, there was a rap id ly  accelerated pace of hydraulics 
laboratory  investigations at the universities and of model studies in gov­
ernment laboratories. Some early prototype tests were made m erely to 
convince the engineering profession that model techniques could actually 
predict behavior in the prototype. The hydraulic  model came to be ac­
cepted by m any hydraulic engineers during the decade preceding W orld 
W ar II  and by the m ajority  soon after the war. As the rate of production of 
hydraulic  models mounted, some engineers seem to have overlooked the 
im portance of forces other than gravity, even though the basic principles 
had been pronounced m any years before. A re-evaluation of the effects 
of viscosity and in some cases surface tension emphasized the importance 
of prototype tests.
Scope
The Corps of Engineers, Waterways Experiment Station has had an 
organized prototype testing program  since 1951. Most of the material 
in this paper  covers the w ork of this p rogram  during  the past seven years. 
However, reference will be made to some earlier field  tests and tests by 
other organizations. An im portant segment of the work of the Corps’ field 
testing involves the investigation of m alfunctioning of the components of 
high-head structures. The test on a badly v ibrating gate, fo r example, has 
for its immediate purpose the correction of the trouble.
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The test results are, nevertheless, valuable to the designer; he m ay im ­
prove fu ture design and be assured of a trouble-free hydraulic structure. 
Space does not perm it the reporting  of all proto type tests made by the pres­
ent Corps of Engineers organization. Some results of this test program  were 
published only recently, in a paper  by Guyton [7 ] .  The emphasis by the 
authors of the present paper is upon hydraulic  structures and appurtenances. 
The prototype activities in the fields of rivers, estuaries, harbors, wind 
waves, and sediment are treated in the first paper  of this Bulletin (see p. 
3) by Mr. E. P. Fortson, Jr.
Organization
The Chief of Engineers has delegated to the Director, Waterways Ex­
perim ent Station, the responsibility of coordinating prototype tests [8]. 
The work is actually  conducted by the Prototype Section, H ydraulic Analysis 
Branch of the Hydraulics Division. All field  work is done in cooperation 
with the Division and District offices of the Corps of Engineers.
Outline of Problems
Extensive tests have been made since the organization of the Prototype 
Section in 1951. This paper will report the results of tests on a  few rep re ­
sentative problems. An outline of these problem s is shown on Fig. 1. It 
is common practice to arrange books on hydraulics by subjects which define 
the phenom ena or the forces involved. We m ay designate this as a sub­































F i g . 1. P r o t o t y p e  T e s t i n g  P r o g r a m .
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F ig . 2 .  C h i e f  J o s e p h  D a m .
them by type of structure, which may be called an objective outline. A 
discussion of objective problem s will be treated first. A treatment will then 
be given of certain im portant prototype phenomena which may be con­
sidered as subjective problems. Lastly, the paper covers certain types of 
measurements of im portance in hydraulic prototype testing.
CHIEF JOSEPH DAM MÇNARY DAM
III “7o DESIGN HEAD CHD) 7 5  °7o DESIGN HEADCHd’
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O b j e c t i v e  P r o b l e m s  
Spillways
Overflow Spillways. A common object of laboratory  investigation is 
the overflow spillway. Considerable effort has been expended on studies 
of the prototype spillway. The embedded metal fo r piezometer systems has 
been installed in the spillway crests of a num ber of Corps of Engineers 
projects.
I t  is only rarely that there is sufficient flow over a spillway to perm it 
tests at high heads. Notable exceptions are the spillways for dams on the 
Columbia River, where large spillway discharges occur every year. Figure 
2 is a photograph of the Chief Joseph spillway during  the 1956 prototype 
tests. The test bays may be recognized as the ones with fu lly  opened gates.
The spillway profiles for the Chief Joseph Dam and the M cNary Dam 
are shown on Fig. 3. The standard shape of the boundary  downstream 
from the crest on modern Corps dams is based on an equation firs t p re ­
sented by Scimemi [9 ] ,  with the 1.85 power of x  . The 1.82 power of x  
had form erly been used. The modern equation employs 2HD0SS fo r the 
design-head factor. The pressure profiles fo r both models and prototype 
are compared. The prototype pressure gradient confirms that of the model 
studies very closely.
The Chief Joseph spillway tests represent the firs t opportunity  on a 
Corps of Engineers project to observe a spillway with a head in excess 
of design head. No unusual vibration of this massive structure was evident. 
However, fu rther  study should be made of vibration of low-mass crest 
structures for earth-dam chute spillways.
Both the designer and the project operator are interested in the dis­
charge of a spillway for a given head. The discharge coefficient plotted 
against the ratio of head to design head is shown on Fig. 4. A model may 
be expected to yield the p roper discharge coefficients so long as the gravity 
forces are dominant. Either viscosity or surface tension seems to disturb 
the similitude at very low model heads. Laboratory results are used to 
define the suggested design curve fo r  higher ratios of head to design head.
E arlie r  prototype tests on Keokuk [5] and Madden [10] indicated a 
coefficient curve in the low-head range as shown by the solid line. Some 
data are now available on the standard Corps crest. The Dale Hollow 
and W olf Creek tests indicate a larger discharge coefficient at low heads, 
com pared with the older data. The new criterion as shown by the dashed line 
has not yet been recommended for use in design. The Pine F lat m easure­
ment confirms the laboratory  curve at a head to design-head ratio of approx ­
imately 0.4. It is fortunate that spillway prototype discharge data can be 
utilized fo r  low heads, which is the range where laboratory tests appear 








Chute Spillways. Chute spillways fo r  earth dams involve problem s 
which require considerably more study in both the model and the p ro to ­
type. The spillways usually have a low control crest at the entrance to a 
concrete chute in one abutment. More laboratory  research is needed on the 
low crest, and more tests are needed in the field. Very little prototype 
inform ation has been obtained on the friction factors fo r  wide chute sp ill­
ways. Several difficulties are involved in making the necessary measure­
ments. The opportunity  fo r  large savings in construction makes the chute­
spillway subject very attractive to engineering research.
The Ft. Peck chute is about a mile long with converging side walls. 
Rudimentary tests were made on this spillway in 1946. I t was possible to 
obtain fa ir ly  accurate discharge measurements in the approach  channel and 
the water-surface profile  was observed in the chute by wall gages. The 
average M anning n was estimated to be 0.013, fo r the range of discharges 
tested.
The quantity of a ir  entrained in wide chute spillways is also difficult 
to measure. Certain earlier design criteria were based on measurements 
of narrow  chutes and indicated a very high ratio of a ir  volume to water 
volume. As side walls fo r chute spillways are costly, the subject is im ­
portant. Close and repeated visual inspection has been made of the flow 
in Ft. Peck spillway. The quantity of a ir  appears to be much sm aller than 
that indicated by earlier criteria. There have been opportunities to observe 
the chute spillways of both A rkabutla  and Denison while in operation. 
Visual inspection of each of these chutes also indicated the bulking caused 
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air  entrainment in the prototype will be discussed in another portion of this 
paper. It is expected that the allowance for bulking of air  in spillway 
chutes must be guided by laboratory  experiments fo r  the present.
Outlet Works
A num ber of im portant prototype problem s arise in the hydraulic  be­
havior of outlet works for large flood control dams. Outlet works for con­
crete gravity dams are commonly provided with gate-controlled sluices 
through the dam.
Sluice Entrances. Entrances to the rectangular sluices are curved to 
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curve fo r  the top of a sluice is shown on Fig. 5. An ellipse with the hori­
zontal m ajor  axis three times the m inor axis is used.
The pressures on this type of curve have been studied in the laboratory 
at the Waterways Experiment Station under Civil Works Investigation No. 
802. The Pine F la t Dam sluices have a sim ilar entrance curve where piezom­
eters were installed during construction. A comparison of the model and 
prototype pressures is shown at the top of Fig. 5.
There is a lack of good agreement between the laboratory  and field 
observations of pressure. No opportunity  has presented itself to make a 
close check of the prototype boundary geometry. Some thought has been 
given to the possible effect of viscous forces and the rate of development 
of the turbulent boundary  layer in model and prototype. The theoretical
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aspects are being pursued with the advice of the Waterways Experiment 
Station consultants.
Conduit Entrance Loss. A problem  of more direct concern in hydraulic 
design is the entrance loss coefficient of a conduit. Two types of entrances 
are shown on Fig. 6. Whereas concrete-dam sluices have comparatively 
simple entrances, previously described, the large flood control tunnels 
often require double rectangular entrances and gate chambers, converging 
through a transition to the tunnel.
The entrance loss coefficient is defined as the head loss, attributed to 
the entrance, expressed in terms of the velocity head of flow in the sluice or 
tunnel. A comparison of the model and prototype coefficients is shown on 
Fig. 6 for both types of entrances. Prototype tests of the double entrance fol 
Denison Dam indicate a loss coefficient about 60 per cent greater than that 
of the model tests. The prototype loss coefficient fo r  the single sluice en­
trance at Pine F la t Dam is more than twice the corresponding value de­
termined from model studies.
The reason fo r  the apparen t lack of sim ilarity between the entrance 
loss coefficients for model and prototype has not yet been determined. 
The problem is still under study. In the meantime, it would be conservative 
to use the higher prototype coefficients in the design computations for 
adequate discharge capacity of outlet works.
Circular Tunnels. The prototype-friction results applicable to large 
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draulic-design engineer. Most of the previous hydraulic-design criteria for 
such structures have been based on earlier tests with small concrete pipe 
and small Reynolds numbers. The Corps of Engineer’s proto type tests 
afford  friction-factor inform ation fo r  large tunnels with high Reynolds 
numbers.
The graph  on Fig. 7 is a p lo t of the Darcy-Weisbach /  , as a function 
of the Reynolds number. This type of graph  was brought to the attention 
of a broad segment of the American engineering profession by Moody
[11]. Many of the older designs for large tunnels were based on a Manning 
n of 0.013 or 0.012 and resulted in larger diameters than necessary fo r  the 
required discharge.
The smooth p ipe curve based on the Nikuradse [12] tests is shown on 
Fig. 7. Also shown is the rough pipe limit as defined by Rouse [13]. Sev­
eral series of experiments on the friction factor in plastic conduits were 
made at the Waterways Experiment Station, in connection with model studies. 
These labora tory  values are shown on Fig. 7 as open circles. The results 
indicate that smooth pipe flow can be obtained in model studies. However, 
the friction loss in the model is definitely too large fo r  close simulation 
of the prototype.
Piezometers were installed, during construction in 1940, in the 20-foot- 
diameter outlet conduit of Denison Dam. Prototype tests were made in 
1951 and the friction factor determined from  the pressure gradient. The 
value of /  fo r  a Reynolds num ber of 120 million is approxim ately 0.0065. 
This is the largest Reynolds number known to have been investigated in 
the field fo r  concrete conduits.
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Field investigations are being made of the absolute roughness of large 
prototype conduits. Elastic dental impression material is used to make a 
two-inch by two-inch record of representative roughness in the conduit. 
Positive p laster casts are then made from  these negative elastic impressions. 
Figure 8 is a photograph  of an apparatus for m easuring the roughness of 
the plaster casts. The apparatus  is simply a mechanical vise for control­
ling and m easuring horizontal movement of the cast in two directions. The 
vertical roughness projections are measured by an Ames dial. The root 
mean square of the observations from repeated traverses then yields a 
value fo r  absolute roughness. The absolute-roughness value from the Deni­
son investigations is about twelve times that which would be indicated by
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evaluation of the Colebrook-White function [14] using the measured Darcy 
/  and Reynolds number.
Tests were made on the 24-foot-8-inch-diameter concrete lined tunnel at 
Ft. Peck with fairly  rudim entary apparatus. However, the /-value agrees 
well with the Denison results. Piezometers have been installed in three 
other conduit prototypes and it is anticipated tbat additional test results 
may be available.
Design criteria have been recommended to the design offices on the 
basis of the Denison and Ft. Peck tests. A friction factor from the smooth 
p ipe curve would seem reasonable for an estimate of maximum velocity 
fo r  stilling-basin design downstream from smooth, well constructed conduits. 
Somewhat higher friction factors should be used in the design fo r  adequate 
capacity.
Exit Portal. The elevation at which the pressure gradient of a conduit 
intersects the vertical exit-portal plane is indicated schematically on Fig. 
9. There is norm ally no interest in this intersection point in the hydraulics 
of small pipes. The problem does have appreciable effect in designing 
fo r  adequate capacity of the large flood-control tunnels. A num ber of 
such tunnels have been constructed with diameters well in excess of twenty 
feet.
The Omaha District and the Waterways Experiment Station started an 
investigation of this problem about 1950. Some model test data were avail­
able. Rueda-Briceno [15] submitted a thesis to the State University of 
Iowa in 1954 which treated the pressure-gradient intersection fo r  an un ­
supported jet. The Iowa data are shown on the graph  in Fig. 9.
Essentially all flood-control tunnels discharge into a stilling basin. The 
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parabolic  floors, downstream from the exit portal plane. The curve lying 
above the Rueda-Briceno curve represents both model and prototype data. 
There is not sufficient inform ation to separate the effect of the floor-geom- 
etry variables. A single line on the graph  is recommended as the design 
criterion for the location of the pressure-gradient intersection of a sup­
ported jet. The intersection for the supported jet is about 12 per cent higher 
than that fo r  an unsupported  jet with a Froude number of three.
Stilling Basins. The problem s involved in an outlet works stilling basin 
are not treated extensively in this paper. The authors have deferred to 
Mr. J. W. Ball (see p. 183) whose entire paper at this conference is on 
the subject of stilling basins. Most of the technical data of value to the 
design of stilling basins can be found in the reports and papers dealing 
with laboratory  studies.
Gates and Valves
Field investigations of gates and valves account fo r  a large portion of 
the Corps of Engineers prototype-testing activity. The field tests of gates and 
valves may be concerned with vibration, forces on the gate, or the discharge 
coefficient at partial gate opening. The designer is interested in elim inat­
ing vibration, reducing hoist forces, and improving the gate coefficients.
Discharge Coefficients. The coefficients of discharge for partial open­
ing of gates and valves determined in the laboratory  usually show excellent 
agreement with those measured in the prototype. The agreement is some­
times disturbed for certain types of gates with a small opening and a low 
head. Fair  success has been encountered in developing coefficients fo r  the 
project operator, using both laboratory and field data.
The coefficient fo r  a partially-opened Tainter gate on a curved spillway 
is a particu larly  d ifficult problem on account of the complicated geometry. 
A typical installation is shown on Fig. 10. The basic fixed geometrical 
variables of the installation are curvature of the crest, location of gate 
seat, radius of curvature of the Tainter skin plate, and elevation of the 
trunnion. D uring operation, there are added the variables of head and gate 
opening. The angle ¡3 between the tangents to the crest curve and skin-plate 
curve appears to be an im portant variable of the boundary geometry. The 
graph  of Fig. 10 indicates that laboratory  data were used fo r  /3 greater 
than about 75 degrees and prototype data were used for the sm aller values 
of ¡3 .
The prototype data represent results from five Corps of Engineers p ro j ­
ects. The standard  erro r  of estimate for the prototype discharge coefficient is 
indicated to be 0.02. As the coefficient in this range is about 0.67, the 
standard error is approxim ately 3 per cent. The suggested criterion is 
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Gate Forces. In the course of design of a high-head project, it is im­
portant to be able to estimate the hydraulic forces on a large gate. Lab ­
oratory work has been conducted on gate hoist loads, both in Europe and 
in America. The Bureau of Reclamation and the Corps of Engineers have 
been active in this type of investigation. The laboratory  data are very 
valuable when the boundary  geometry is simulated exactly.
Typical gate designs are shown by sketches on Fig. 11. The present 
study of forces is applicable to either a slide gate fo r a concrete dam, as 
exemplified by the P ine F la t design; or a tractor gate fo r  an earth  dam 
outlet works, such as the Ft. Randall design.
The hydraulic  forces on a gate may be divided into two distinct parts. 
For purposes of this paper, we define the “up thrust” Uf as the average 
force on the bottom in feet of water. The “ downthrust” Of is defined as 
the average force on the top of the gate. The difference between the total
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downthrust and the total upthrust is the net vertical hydraulic  force on the 
gate.
Upthrust. The upthrust is the actual upw ard force on the gate bottom 
as the water accelerates through the gate opening and is dependent upon 
the boundary  geometry of the gate bottom. The graph  on Fig. 11 shows the
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upthrust in terms of the velocity head of the issuing jet, at the vena con- 
tracta. This force is plotted against gate opening in per  cent.
The prototype data, upon which these curves are based, are so extensive 
that the plotted points have been omitted. The Pine F lat tests employed 
piezometers in the gate bo ttom ; the Ft. Randall results are based on meas­
urements using electric pressure transducers.
Downthrust. The downthrust curves are shown on Fig. 12. The pressure 
in the bonnet of a hydraulically-operated slide gate or the head of water 
in the gate well of a tractor gate determines the downthrust Df . The eleva­
tion of the water surface in the well depends in tu rn  upon the pressure 
difference across the upstream gap, the gap area and its orifice coefficient 
coupled with pressure difference across the downstream gap, the area and 
its orifice coefficient. The result is a circulation of water through the up ­
stream gap across the top of the gate and out through the downstream gap. 
The variation of the downstream gap with gate opening affects the water 
surface elevation in the well and consequently the downthrust.
S u b j e c t i v e  P r o b l e m s
There are certain problem s involving subjects which may be applicable 
to several types of structures. Three of these subjective problem s are v ib ra ­
tion, cavitation, and air  demand.
Vibration
A substantial portion of the prototype testing program  of the Corps of 
Engineers has been concerned with vibration. These tests have been involved 
principally  with gate vibration. On several occasions, the investigation 
of audible or perceptible vibration of gates has been requested by the dis­
trict operating the project. The vibration of hydraulic m achinery is not 
covered in this paper.
Vibration in hydraulic structures may be either a resonant vibration or 
a self-excited vibration. Resonance is caused by a periodic disturbing force 
which has a frequency close to that of the natural frequency of the vibrating 
system. Self-excited oscillations involve a m utual periodic exchange of 
energy between two vibrating systems.
A partia lly  opened tractor gate on a cable suspension may be taken as 
an example of resonance. The schematic cross section is shown on Fig. 
13. If the gate has a f lat bottom, a vortex trail may spring from  the up ­
stream edge of the gate bottom. At certain gate openings, the vortex-trail 
frequency may be in resonance with the gate system. The periodic pressure 
pulses on the bottom of the gate could then force an unstable vertical v ibra­
tion of the gate.
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ways Experiment Station. It was further found, in the laboratory, that a 
gate with a 45-degree lip would not vibrate under sim ilar conditions. With 
this type of gate lip, the vortex trail springs from  the downstream edge of 
the gate and the periodic pressure pulses on the bottom are therefore absent.
Prototype tests to investigate vibration phenom ena have been made at 
eight Corps of Engineers projects. A series of three tests with d ifferent reser-
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voir pool elevations was made at the Ft. Randall outlet works. A vertical sec­
tion of the gate installation is shown on Fig. 14. This design incorporates 
the 45-degree gate lip.
No unstable vertical oscillations with progressively increasing am plitude 
were found. It is believed that the vortex trail was being shed from  the 
downstream edge and not producing pulses on the bottom. A sample 
oscillogram section of a few isolated stable vibration cycles is shown on 
Fig. 14. The observed frequency was 3.7 cycles per second com pared with 
the theoretical frequency of 3.4 cycles per second. It is believed that the 
occasional vibration of this gate is caused by a certain component of the 
turbulence spectrum which becomes m om entarily dominant.
An investigation was made of a very noisy v ibration of the submersible 
Tainter gates a t Cheatham Dam. A sketch of the gate is shown on Fig. 15. 
Accelerometer records of six separate freedoms of motion and an audio 
sound record were made.
A sample of the record fo r  the accelerometer m easuring lateral motion 
of the downstream skin plate is also shown on Fig. 15. The accelerometer 
record indicated a frequency varying from 150 to 200 cps and the sound 
record a frequency from  115 to 160 cps. As the theoretical frequency of 
the prim ary  mode of the skin plate was 159 cps, it was tentatively concluded 
that this was the cause of the noise.
In this case, it is believed that the vibration could be eliminated by 
modifying either the mass or elastic characteristics to change the natural 
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phenomena can sometimes be altered. F o r  example, the frequency of the 
vortex trail can be changed by m odifying the velocity, the length factor, 
or perhaps the shape. In other cases, the natural frequency of the vibrating 
element may be changed by m odifying the stiffness of the elastic feature, 
the support conditions, or possibly the mass.
I t is beyond the scope of this paper  to discuss the transmissibility ratio 
and its conventional p lo t against the frequency ratios. The dam ping forces 
on a potential vibrating system are im portant. More inform ation is needed 
on the proto type friction forces acting on the gates and their possible varia ­
tion with the velocity of the vibrating element.
Cavitation
Damage caused by cavitation in high head structures is an im portant 
subject and a d ifficult problem. The im portance of the problem was brought 
em phatically to the attention of the profession by a symposium on the sub­
ject, published by the American Society of Civil Engineers [16].  Much 
research has been perform ed in the laboratory, but the scaling laws from 
model to prototype are  not yet well defined. In the meantime, the hydraulic 
designer can p rofit by  experiences with the operation of the prototype and 
the particular boundary  geometry which is associated with serious cavitation 
damage.
Field Tests. One of the stilling basins of the Corps of Engineers was 
badly  damaged by cavitation. The maximum issuing velocity from the
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sluices was approxim ately 90 feet per second. When repairs were made, 
electric pressure transducers were installed in the concrete.
A cross section of the steps with the location of the prototype transducers 
and the model piezometers is indicated on Fig. 16. It may be noted that 
the minimum prototype pressures, as determined from  the oscillograph 
record, reach close to absolute zero near the end of the elliptical riser. 
This, no doubt, is where the cavitation damage started to develop.
The average prototype pressure at the furtherm ost upstream transducer 
was 3.0 feet of water. The model pressure from a piezometer in a closely 
sim ilar location was 6.5 feet of water. The average pressure agreement is 
fair  but, naturally , the model piezometer can not measure the variation of 
pressure.
Damage Records. The Waterways Experiment Station has expended con­
siderable effort in collecting detailed inform ation on cavitation damage. 
The m agnitude and duration of operating heads are considered im portant. 
Figure 17 shows the boundary geometry of locations where cavitation dam ­
age in varying degrees has been observed.
The case of the stilling basin step has just been discussed. There have 
been several occurrences of cavitation damage near the entrance to high- 
head sluices, when the intake is not curved properly.
One case of danger has been observed with an ab rup t sluice expansion 
just downstream from a partia lly  opened sluice gate. Sluice floors down­
stream from  gates have shown damage under very high head and a small 
gate opening. The latter two cases appear to involve the impingement of 
high velocity jets.
SHARP SLUICE ENTRANCE




Baffle piers in stilling basins which are frequently  in operation have 
shown excessive wear. The damage is usually more pronounced on the 
side, just past the upstream face. Rounding of the edges is believed to 
reduce the severity of attack. However, it probably  also reduces the d rag  
and therefore the effectiveness of the baffle  in a stilling basin.
Some cavitation damage has been observed downstream from  sharp- 
edged gate slots. Laboratory studies of gate slots with rounded edges have 
indicated this modification to be of benefit.
The rate of damage caused by cavitation is dependent upon the boundary  
material involved. Repairs to concrete surfaces are sometimes made with 
carefully  placed concrete. In some cases, steel arm oring has been used. 
Repairs to steel surfaces have been made by stainless steel welding. Two 
of the districts are experimenting with patches of the new epoxy-type resins. 
In one case, at least, the epoxy repair  seems to be very durable.
Air Demand
Most of the Corps of Engineers’ outlet works are provided with air  vents 
just downstream from  the tractor gate or sluice gate. The purpose of the 
vent is to alleviate low pressures in the vicinity of the gate. The problem 
involved with the demand for air  of a partially  opened gate is certainly 
complex. A pparatus fo r  the measurement of air  has been built into some 
air vents and has been improvised at other projects.
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Flow Phenomena. The graph  on Fig. 18 shows a ir  demand plotted 
against gate openings fo r  several prototype tests. The maximum which 
occurs at the larger gate opening has been designated the prim ary  m axi­
mum and the one at the sm aller gate opening, the secondary maximum. The 
test at Pine F lat Dam with a  head of 370 feet reverses the order of the re la ­
tive m agnitude of the two maxima.
I t is believed that three separate phenomena are involved in the variation 
of a ir  demand with gate opening. Model studies in plastic sluices demonstrate 
a frayed or disintegrated jet with considerable spray, at small gate open­
ings. This type of jet probably  causes the secondary maximum.
For medium gate openings, the air  seems to be moved down the sluice 
by the drag  of the turbulent water surface. A discussion of certain theoretical 
aspects of this phenomenon was presented at the F ifth  Meeting of the In ter­
national Association for H ydraulic Research [17], The air  demand appears 
to increase until the conduit just flows full at the downstream end. This 
is considered to be the condition for the prim ary  maximum.
As soon as the conduit flows full, a hydraulic jum p forms inside of the 
conduit. The air  demand is then limited by the capacity of the jum p to 
entrain and remove the air. As the jum p moves upstream in the conduit, 
the a ir  demand gradually  decreases. When the conduit flows full the air  
demand is zero.
Maximum Air Demand. The graph  on Fig. 19 is a p lo t of a ir  demand 
per foot of width of the sluice for the prim ary  maximum against the total 
head on the gate opening. Logarithmic scales are used for the ordinates. 
It is interesting to note that the unit discharge seems to vary as the five- 
fourths power of the head.
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The dimensions of the sluice and a ir  vent at John K err  Dam are d iffer ­
ent from those of the Pine F la t Dam. The curves are therefore separate. 
There has not been an opportunity  to pursue the theory further  but definite 
approaches suggest themselves. The phenomena of a ir  demand in gated out­
lets are difficult to simulate in the model and very little inform ation exists 
upon which to base the design of air  vents.
P r o t o t y p e  M e a s u r e m e n t s
A paper on prototype testing would not be complete without some men­
tion of difficulties involved in making prototype measurements on high- 
head hydraulic  structures. Many types of measurements such as of pressures, 
water surface profiles, and velocity distributions which can be perform ed 
with relative ease in the laboratory, become form idable tasks to accomplish 
in the field.
Warnock stated the difficulties involved in prototype testing very em­
phatically in his paper  of the 1944, ASCE Symposium [6 ], Some progress 
has been made in surmounting these difficulties. F air ly  recent advances 
in electronic recording equipment have permitted progress in detecting 
quantitative behavior at remote locations. Furtherm ore, the progress made 
in understanding form  resistance and vibration phenomena portends future 
success in supporting  instruments in high velocity flow.
Pressures
Static Pressures. The average pressures at the boundaries of spillways 
and outlet works can be measured by piezometers in much the same fashion 
as in the laboratory. The im portant difference is that tubing or pipe leading 
from the piezometer opening to the manometer at a remote location should 
be embedded in the concrete during construction. This has been done at 
numerous projects of the Corps of Engineers. When the elevation of the pres­
sure gradient is lower than that of the instrument, a ir  is now commonly used 
to transmit the pressure from the piezometer opening.
Transient Pressures. The transient pressures on the boundary  can be 
measured by modern electrical pressure transducers. Again, conduit for 
electrical leads should be embedded during construction. Such provisions 
have been made at a few modern projects where it was judged that transient 
pressures were of interest.
Velocity Measurement
The problem of holding measuring instruments in high velocity flow is 
indeed difficult. The measurements of discharge over the Keokuk spillway 
by Nagler and Davis of the State University of Iowa remain a classic of 
prototype testing. A current meter with piano wire stays was used in these 
tests.
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Current Methods. One of the most rudim entary methods of velocity 
measurement is by the use of floats. Float measurements were actually 
made in the Ft. Peck spillway in 1946. Results of these tests have been used 
for design criteria in view of the lack of other inform ation on wide chute 
spillways.
Proposed Methods. A few words regarding future plans fo r  obtaining 
prototype measurements under difficult conditions may be of interest. These 
remarks are made with some reservation, for m any events could occur to 
thwart otherwise well laid plans. Not the least of these events is the failure 
to obtain adequate discharge over spillways or through outlet works for 
test purposes.
The Portland District has made provisions fo r  a test bay on the sp ill­
way of Detroit Dam. An extra wall is provided on the left of the right 
hand spray wall to confine the flow from  one gate. Electrodes are em­
bedded in the walls so that the Allen Salt-Velocity method may be used. 
Heavy glass walls are installed in the accessible right wall and rails mount 
both walls to accommodate a carriage.
Detroit Dam also has an eight-foot diameter test conduit near the left 
abutment which can operate under a 300-foot head. The installations at De­
troit Dam provide the best potential high head test facility in existence, so far 
as is known to the authors.
P IT O T  P I E R
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At one of the large chute spillways, provisions have been made for the 
installation of four steel piers equipped with Pitot tubes. The layout is 
shown on Fig. 20. The difficulty of maintaining fixed test piers on one 
large overflow spillway was recognized so that these piers are removable 
and to be installed just before testing. Embedded anchorages and a conduit 
fo r Pitot tube pip ing lead to observation wells behind the left wall.
Provisions have been made in the 22-foot-diameter, free-standing steel 
tunnel liner at Ft. Randall Dam for a P ito t strut. A plan  and section of 
the Pitot strut are shown on Fig. 21. The velocities can be varied from 
zero to about 50 feet per second by a regulating gate at the lower end of 
the tunnel. The National Advisory Committee for Aeronautics cooperated 
by analyzing the strut for critical conditions of flutter and torsional d i­
vergence.
It is planned that the Pitot strut will mount both static and stagnation 
tubes, as indicated on Fig. 21. There are adapters for m ounting three hot- 
film anemometers, developed by H ubbard  and Ling of the Iowa Institute of 
H ydraulic Research. However, the p roper  functioning of these instruments 
under such rigorous conditions is problematical. Upon the advice of Dr. 
H unter Rouse, three pairs  of pressure cells can be installed on the strut. 
Each pa ir  would have one cell at the stagnation point and one at the neutral 
point, fo r a study of the pressure fluctuations of turbulence.
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Discharge Measurement
Current Methods. The measurement of discharge in the laboratory  can 
often be perform ed with an accuracy of one per cent or better. Discharge 
measurements in prototype tests, at present, m ust depend upon standard 
stream gaging methods with an accuracy which can not approach that of 
the laboratory. The scatter of plotted data from prototype tests often reflects 
the inaccuracies of discharge measurements.
Proposed Methods. There is also hope on the horizon for better dis­
charge measurements. This hope stems from improvement in accuracy 
of meters to measure the phase lag of alternating  currents. The modern 
phase meter permits the ultrasonic measurement of mean velocity in a 
conduit.
A schematic p lan  of a rectangular sluice is shown on Fig. 22. A sound 
beam is transmitted from a rod recessed into one wall of a sluice, diagonally 
to a receiving rod in the other wall. The time of the phase lag from trans­
mission to reception, as indicated on the sine wave graph  of Fig. 22, can 
be m easured by a phase meter. As the component of sound velocity in the 
direction of flow is affected by the water velocity, the la tter can be computed.
This method was successfully used by Swengel and Hess at the Safe 
H arbor power plant. Their tests indicated that very good accuracy can be 
achieved. The device is especially valuable for high-head projects because 
it eliminates the necessity of holding m easuring instruments in high-velocity
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flow. Through the cooperation of the Huntington District, the necessary em­
bedded metal parts are being installed in a sluice at Sutton Dam, which is 
under construction.
The ultrasonic flow m easuring technique first came to the attention of 
the engineers a t the Waterways Experiment Station during the Sixth Iowa 
H ydraulics Conference. At that conference, Swengel and Hess presented a 
paper [18] describing this method. The authors wish to compliment the staff 
of the Iowa Institute of Hydraulic Research for making the exchange of 
such modern knowledge possible through their triennial conferences.
A c k n o w l e d g e m e n t s
The prototype work at the Waterways Experiment Station is under the 
general supervision of the Chief, H ydraulics Division, Mr. E. P. Fortson, 
Jr., one of the speakers at the first session of this conference. The Hydraulic 
Analysis Branch is under the supervision of the senior author. The jun ior  
author is in charge of the Prototype Section. The latter position was held 
by Mr. Benson Guyton from 1951 to 1957.
Special mention is due to Mr. Leiland M. Duke and other engineers 
of the Instrumentation Branch for their high degree of success in obtain­
ing results from  temperamental electronic equipment under rugged condi­
tions. Much of the data of this paper  was analyzed by engineers of the 
Analysis Section, under Mr. R. G. Cox. Space does not perm it the mention 
of m any other participants. The engineers of the Office, Chief of Engineers, 
and of the Divisions and Districts, who contributed to this program  are 
legion.
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D is c u s s i o n
W alter Moore inquired about the measure of roughness which was said 
to be 1/12 of the Nikuradse roughness particu larly  the type of average 
taken with the profile meter. The speaker said measurements were made 
with a device which allowed the cast of the surface to move so that repeated 
traverses could be made with an Ames dial measuring the projections. The 
root-mean-square value of the projections was then calculated. This was 
done for a number of surfaces; for example, there were four or five casts 
from  the surface of the Denison conduits. The questioner pointed out that 
the Nikuradse roughness is the sand-grain diameter of grains closely packed 
and suggested that the 12-times figure would not be too fa r  out of line. 
The speaker said that this is the e used, that is, the projection; so that k  
was not measured but the relative roughness e/D  was used, and by calculating 
back and m ultip ly ing by the diameter the factor of 12 is indicated. This 
is not surprising  because it is far  out of the range of the Colebrook-White 
tests.
Norman Brooks asked about the size of the point on the end of the 
dial gage. Ellis Pickett, coauthor of the paper, said the diameter of the 
ball was about 0.01 inch which was relatively large, but it had  been found 
that a sharp point tended to penetrate the cast rather than give surface 
measurement. The speaker added that the surfaces were concrete and it 
was felt that the method used gave a measure of the roughness without 
getting down to very tiny aberrations.
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Philip  H ubbard commented on the fixed points shown on the Pitot 
strut. He said that it seemed the conditions within the boundary  layer might 
be im portant enough that measurements should be made much closer to­
gether than was indicated. The speaker replied that this had been recognized 
but that it was too difficult to put a traversing mechanism inside the strut 
with all of the other things inside it. A separate apparatus  is to be installed 
downstream fo r  traversing a short distance near the wall. The coauthor 
added that the design of the traversing mechanism was a group effort. J. 
M. Robertson had suggested some of the probe tips and some Pennsylvania 
W ater Tunnel traversing-probe designs were re-worked to provide for 
traversing about one foot from the boundary. The Omaha District, Corps 
of Engineers, is making the detailed mechanical design. It is expected 
that the strut will be installed in the next year or two.
R. W. Carter wanted to know what progress had been made in adapting 
the ultrasonic method to the measurement of velocities in conduits. The 
speaker said that Swengel and Hess had been employed in connection with 
the studies and the effort is to duplicate their successful work at Safe Harbor.
Steponas K olupaila  commented that no mention was made of the use 
of a current meter fo r  prototype measurement. The speaker said that con­
sideration is being given to using current meters with piano-wire stays at 
Garrison Dam in a manner sim ilar to the Nagler-Davis tests on the 
Keokuk spillway. However, plans have not progressed very far. One d if ­
ficulty with the current meter in the very high velocities is its tremendous 
drag. The speaker thought better results would be obtained with a stag­
nation tube and a minimum of structural support.
James Ball referred to Fig. 17 which shows damage on the floor below 
a sluice and asked what the damage was attributed to. The speaker said 
there is a lack of agreement as to how or why it should develop there. One 
thought relates it to the annular ring of pitting produced by a high velocity 
jet directed at a f la t  concrete surface. If the pressure distribution of the 
circular je t on im pact is plotted, it will be noted that the annu lar  ring 
occurs at the steepest par t of the gradient where the pressure is dropping 
off which perhaps indicates that the damage is a cavitation effect. Another 
thought is that the water penetrates the surface with enough pressure to get 
underneath some of the particles and kick the concrete out.
J. M. Robertson remarked that it was an excellent last paper which not 
only recorded progress in correlating models and prototypes but included 
inform ation to help the designer. The entrance loss coefficient which showed 
poor correlation between model and prototype should be made the subject 
of research to see which way the trend should be.
J. B. T iffany expressed the appreciation of those present to the Institute
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Staff and the State University of Iowa fo r  holding such a fine meeting 
and wished that there might be m any more of them.
H unter Rouse had the last word. He thanked all those who had attended 
the meeting fo r  being present and gave instructions for the laboratory tour 
during the afternoon and for the relaxation meeting at the Ox Yoke Inn 
at dinner time.
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